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ABSTRACT
HYDROGEOLOGIC CHARACTERIZATION OF FRACTURED ROCK: SITE 32,
PORTSMOUTH, NEW HAMPSHIRE 
By
Hallie J. Marbet 
University o f New Hampshire, May, 2007 
Natural underground settings exhibit small and large scale spatial variations, making 
them difficult to characterize. This complexity is particularly difficult to overcome when 
delineating a heterogeneous fractured bedrock system. The following study involves the 
characterization of a fractured bedrock site.
Hydraulically conductive fractures provide migratory pathways within a fractured rock. 
Interpreting their orientation in space is important in understanding contaminant 
movement. The data used include borehole geophysical, lithologic and hydraulic test 
data.
The first method applied was a geostatistical analysis. This technique incorporates 
statistical characteristics o f the geophysical and hydraulic data to develop fracture 
patterns. The second method is a deterministic study developed by analyzing the fracture 
orientations as they cross-cut a borehole.
Hydraulic connections were inferred between two sets o f wells through slug test analyses. 
Multiple response anomalies were identified within the data. Uncertainty and model 
reliability are a component o f any model created to depict the real world.
ix
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INTRODUCTION
Preventing the release of contaminants into our natural environment provides the 
most effective means for keeping our subsurface ecologically safe. Upon the 
contamination of a natural resource, research and conceptual modeling o f the site are 
necessary to help infer the physical parameters within the subject system. Subsurface 
contamination has created a need within the environmental field to develop new 
technology to implement the clean up of contaminated sites. Developing expertise 
regarding remediation techniques can be combined with research, such as the research 
performed on our subject site, to identify the best means of contamination cleanup.
The present study involves the characterization of a contaminated fractured 
bedrock site known as Site 32, located at Pease International Tradeport (Figure 1), 
formerly Pease Air Force Base (PAFB), in Portsmouth, NH. With funding from the 
Environmental Protection Agency (EPA), the Bedrock Bioremediation Center (BBC), 
directed by Dr. Nancy Kinner, has been monitoring and researching Site 32 since 1999.
A suite of six bedrock boreholes has been completed at Site 32 (see Table 1). 
Numerous aspects of the physical system have been analyzed to assist in understanding 
the hydraulic and biologic characteristics of Site 32, two major objectives o f the BBC 
research. A variety of unique tools were utilized to gather geophysical, geologic, and 
hydrologic data. The research presented here applied these data to develop a 
characterization o f the fracture system. This characterization of the fractured host rock 
will assist with the BBC’s research goals.
1
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Site 32 is contaminated with chlorinated hydrocarbons. The BBC has been 
studying the site in an attempt to determine the nature of the bioremediation processes 
occurring within the contaminated fracture networks. Bioremediation is a natural process 
whereby biological organisms aid in the removal of contamination through various 
metabolic processes. Microbiologists from the University of New Hampshire (UNH) are 
currently evaluating the reciprocal relationships between the microbial communities and 
the contaminants. It is postulated that if these microorganisms are fed butane through the 
fracture network they will increase in population and metabolize more o f the chlorinated 
hydrocarbon molecules, thus eliminating the contaminant faster. Determining the 
potential of in situ (in place) bioremediation within Site 32 is one main objective o f the 
BBC project.
Dominant factors affecting groundwater flow through fractured rock include 
fracture density, orientation, and the type o f rock matrix. Fracture density (number of 
fractures per unit volume of rock) and orientation provide important controls on the 
degree o f interconnection between fracture sets. These two fracture attributes are 
difficult to infer with certainty, particularly when the data are limited to information 
gathered only from vertically placed boreholes and nearby surface exposures. Fractures 
that are oriented in sub-vertical orientations are underrepresented in a system that is 
solely delineated through observations taken from vertical boreholes (see Figure 2). 
Similarly, sub horizontal orientations tend to be underrepresented in surface exposures 
(Barton and Zoback, 1992)
The interconnection o f fractures contributes to the hydraulic conductivity 
encountered at different depths within a fractured rock system. Its presence or absence
2
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within a system can cause hydraulic conductivity to fluctuate dramatically. Fractured 
rock systems may contain hydraulic conductivities that vary over many orders of 
magnitude within a single borehole (Paillet, 1998). Hydraulic variability can be more 
evident within sparsely fractured systems, versus highly interconnected systems which 
provide nearly endless passages for groundwater travel much like a porous media.
Highly connected fractured systems tend to contain more uniform conductivity values 
throughout a borehole (NRC, 1990).
Fracture orientation in space determines the ability of the groundwater to 
effectively transport dissolved and suspended contaminants. Fractures positioned parallel 
to the regional groundwater flow direction provide more effective hydraulic pathways, 
and thus more effective mass transport, when compared with fractures oriented 
perpendicular to the regional groundwater flow direction (Mercer and Spaulding, 1991).
The type o f host rock within a fractured system may play a role in the overall movement 
of water and contaminants. For example, the pore space within a sandstone bedrock, known as 
the primary porosity, accounts for some portion of the permeability within the system. Fractures 
within a sandstone bedrock, commonly known as secondary porosity, account for the remainder 
o f the permeability. Within igneous and metamorphic host rocks, however, it is the fractures that 
provide most, if  not all, o f the permeability within such systems (Mercer and Spaulding, 1991), 
Because these rocks typically contain no primary porosity, movement o f water and contaminants 
into or out o f the rock matrix within an igneous or metamorphic host rock is minimal, 
subsequently, the majority of the contaminant transport occurs within the fractures. Delineating 
these dominant hydraulic pathways is important in determining the prevailing mass transport 
mechanisms within the metamorphic host rock of our subject site.
3
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Borehole geophysical data have become widely used to help delineate the 
physical characteristics of subsurface environments (Barton and Zoback, 1992; Cohen et 
al., 1996; Helm-Clark et ah, 2004; Karasaki et ah, 2000; Nakao et ah, 2000, Niemi et ah, 
2000; Paillet et ah, 1990; Williams and Johnson, 2004). These geophysical data give 
researchers the ability to view the physical structures within a particular site while 
imposing minimal impact on the natural environment. Borehole geophysical tools 
provided a wealth o f information within Site 32 and were used to identify fracture 
locations and orientations at depth.
The hydraulic connection data were obtained through slug testing methodology.
A slug test is an aquifer test whereby a known volume of water is either instantaneously 
added to or taken out o f a well. The slug tests performed at Site 32 were applied to 
isolated intervals within a borehole (see Figure 3). Hydraulic responses were recorded in 
isolated intervals within a monitor well. The hydraulic connection data included the 
stressing of BBC5 and the subsequent responses recorded within BBC4 as well as the 
stressing of BBC6 and the responses recorded within BBC5. Four isolated intervals 
within BBC4 and five isolated intervals within BBC5 each contain a pressure transducer 
that records any changes in pressure head in time (see Figures 4 and 5). The anticipated 
result o f the testing and response data was to infer hydraulic connections at given depths 
between the stressed and response wells. When more than one isolated interval within 
the monitored well respond to a slug test administered in the test well, it is referred to as a 
multiple response anomaly. Synthesis o f the hydraulic slug test data revealed that some 
stressed depths caused multiple responses to occur within the isolated intervals in the 
response wells.
4
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MRA’s are considered to be the result o f a combination o f fracture 
interconnectedness and well bore storage. Fracture interconnectedness occurs when 
multiple fractures are oriented in various positions in space and become united. In this 
case, the interconnection o f the fractures creates potential hydraulic communication 
between one another (Cohen, et al., 1996). In addition to fracture placement, well bore 
storage acts as a large cylindrical reservoir within a fractured system. Each hydraulically 
active fracture that intersects a well will also become, to some degree, connected with 
any other hydraulically active fracture that also intersects the same well (Karasaki et al., 
2000) (see Figure 6).
The analysis presented here also explored uncertainty and model reliability. 
Modeling a natural environment is susceptible to ambiguity in both the data collection 
and the model outputs. The collection of discrete observations represents our incomplete 
understanding of the natural world. The predictions that originate from these 
observations will necessarily be uncertain because they are based, in part, on incomplete 
information (NRC, 1990). The modeling process is essentially filling in the blanks to a 
story that is missing every other sentence. The story’s conclusion, or model output, is 
only as accurate as the inputs placed within the model.
5




The study site is located in southeastern New Hampshire. The bedrock found 
within Site 32 is the Kittery Formation, of Silurian to Ordovician age. The Kittery 
Formation contains alternating layers of fine-grained calcareous and feldspathic 
metasandstone (quartzite) and metashale (predominantly green phyllite) (Hussey, 1985), 
The minerals occupying the thicker metasandstone layers are: quartz, carbonates, 
feldspar, chlorite, biotite, (metamorphic grade dependent), white-mica, actinolite, 
epidote, clinozoisite, sphene (<5%) (see Table 2); (Rickerich, 1983). The phyllite layers 
are locally sulfidic and are comprised of fine-grained quartz, chlorite and/or biotite 
(Escamilla-Casas, 2003).
The drill logs o f each BBC well and those supplied by PAFB provide useful 
information regarding the stratigraphy of the overburden, the unconsolidated sediments 
atop the bedrock, as well as the depth to competent bedrock within Site 32 (see Tables 1 
and 3). According to the BBC drilling logs, the overburden, characterized as Pleistocene
6
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glaciofluvial material, has variable thicknesses throughout the site. A layer of weathered 
bedrock resides beneath the overburden within a depth o f approximately 20 feet below 
ground surface (bgs). Competent bedrock is located beneath the weathered bedrock layer.
The jointing and folding within the Kittery Formation maintain a northeast- 
southwest trend, consistent with the strike o f the Kittery Formation at the site (Novotny, 
1969). Abundant diabase dikes intruded the formation in the late Triassic period, 
approximately 200+ million years ago.
Site Description
Site 32 is contaminated with the dense non-aqueous phase liquid (DNAPL) 
trichloroethane (TCE). A 1,200 gallon underground storage tank receiving waste 
solvents from degreasing operations from 1956-1968 is the source of pollution (USAF, 
1997). It is estimated that 5,200 gallons of TCE were released from the storage tank 
(USAF, 1997). Additional DNAPLs, such as trans-l,2-dicholoroethene (DCE), cis- 
1,2,DCE, 1,1-DCE, and vinyl chlorides (VC) have been identified within every BBC 
well. Each progeny is associated with the degradation of TCE. These contaminants have 
advanced into the ground beyond the origin of their release.
The contamination has migrated into the fractures within the host formation. 
Through inherent density/viscosity ratio differences between the two liquids, DNAPLs 
have the ability to travel through the water column and replace the water within a fracture 
(Fetter, 1999). Figure 7 presents a schematic of a possible DNAPL migration from a 
source into bedrock fractures.
7
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There have been attempts to stall the migration of the contaminant plume. Sheet 
pilings were installed vertically in the ground forming a box around the original source 
location (see Figure 1). In 1997 seven extraction wells were installed within this sheet 
piling box to extract groundwater at a rate o f 5.2 gallons per minute (gpm) (USAF, 1997). 
According to the plume delineation of 1992, 1998, and 2002, these pumping wells 
successfully pulled the volatile organic compound (VOC) plume within the overburden 
closer to the origin (see Figure 8). While the pump and treat remediation has been 
successful in stalling the overburden plume progression, the development of a fracture 
characterization helps assess the bioremediation possibilities to treat the deep 
contaminant plume.
8
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CHAPTER 2
METHODS
Both the geostatistical and deterministic methods o f fracture characterization 
involve the analysis o f the lithologic logs, the borehole geophysical logs, and the 
synthesized hydraulic connection data. Lithologic logs display the locations of physical 
features at specific depths within each well bore through an analysis o f each bedrock 
core. The geophysical logs supply key information on the orientations o f fractures and 
confirm their location. The hydraulic connection data provides information on the 
locations o f hydraulic connections between boreholes. Together, these data can help 
establish the possible fracture connections within Site 32.
Lithologic Descriptions
Bedrock core samples can provide information on fracture locations, fracture 
surface roughness, mineral precipitation, the locations o f closed micro-fractures, contacts 
between lithologic units, and sedimentary structures. The bedrock cores were generally 
five feet in length. Every inch o f bedrock core retrieved from four o f the BBC wells was 
studied in detail and recorded within a data log. These logs are basically scaled 
illustrations o f each core. Dr. Jose C. Escamilla-Casas described the bedrock cores from
9
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wells BBC3, BBC4, and BBC5 and the author of this paper described the cores from 
BBC6. Separations in any bedrock core were studied in detail to help interpret whether 
the division was induced through the drilling process, or if it was a naturally occurring 
fracture. Observation o f the physical characteristics o f each fracture surface such as 
surface roughness, iron staining and/or rinding, crystal growth and mineral precipitation 
helped distinguish between induced and natural fractures. A natural fracture is one that 
was present within the bedrock prior to drilling the borehole. An induced fracture is one 
that was created as a consequence of the drilling process. Induced fracturing can occur 
when the downward pressure of the drill rig and the rotating of the drill bit cause the rock 
below the drill bit to fracture.
Observation of the fracture surfaces revealed the difference between a natural and 
induced fracture. A relatively smooth fracture surface was typically identified as a natural 
fracture. The premise here is that as water passes through a natural fracture it smoothes 
out the fracture surface either by the action of erosion by the deposition o f small amounts 
of mineral precipitate on the fracture surface. Fracture surface roughness is also a 
function o f grain size. Fine grained rock fracture surfaces will tend to have smoother 
surfaces when compared to a coarse grained host rock. The Kittery Formation is 
primarily fined grained rock, so the fracture surfaces will inherently be relatively smooth. 
A fracture surface that felt rough was typically characterized as an induced fracture. 
Within the category of surface roughness, fracture fitting was also used to distinguish 
between the two types o f fractures. This tested how well the two ends of a break in the 
bedrock core fit together. Two pieces that fit perfectly together were normally 
documented as being induced, whereas two pieces that have smooth surfaces and did not
10
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fit flawlessly together were recognized as natural. Iron staining or rinding may also occur 
by way of water passage through a fracture. Over time, water that is rich in iron will 
leave a stain along the fracture surface. Fracture surfaces exhibiting this staining/rinding 
were identified as natural.
Crystal growth on fracture surfaces indicates there was enough space within a 
hydraulically conductive fracture for crystals to grow. Viewing the minerals with a hand 
lens helped determine if mineral faces were present. In a favorable growth environment, 
minerals may be bounded by planar surfaces and form regular geometric shapes known 
as crystals (Klein and Hurlbut, 1999). Favorable conditions include ample space for 
growth and a suitable concentration of dissolved constituents in the fracture fluid. If the 
crystalline solid has well-formed faces it is considered to be euhedral. If the faces are 
imperfectly formed they are considered subhedral. Minerals without faces and regular 
shape are considered anhedral. The majority o f the mineral surfaces encountered in this 
study depict anhedral habits, indicating that most o f the mineral precipitation occurred on 
fracture surfaces during unfavorable conditions.
It is important to note that these lithologic illustrations are prone to subjective 
interpretation by the person describing each core (see Figure 9). Delineating natural 
fractures from induced fractures must be done with careful examination to avoid false 
positives and false negatives. A false positive indicates the interpreter assigns a break in 
the core as being a natural fracture, when it is in fact an induced fracture. A false negative 
suggests a natural fracture was identified as an induced fracture.
Hardness tests and hydrochloric acid (HCL) tests were performed on each mineral 
vein and fracture surface that hosted a mineral. Due to the abundance o f veins on each
11
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core, the only hardness assessment performed was whether the mineral vein was harder 
or softer than a knife blade. Because this bedrock is characterized as calcareous 
sandstone, the mineral veins will most likely contain some portion of calcium carbonate 
and/or silica. Determining the relative hardness of each vein using a knife blade provides 
an indication of not so much what the mineral is, but rather what the mineral is not. If the 
vein is harder than a knife one can reason that the vein is not made up o f calcium 
carbonate.
The HCL was typically applied to mineral surfaces that were softer than a knife 
blade. Other methodology utilized in the BBC studies determined that both calcium 
carbonate and dolomite, a mineral with a similar hardness, growth pattern and chemical 
makeup to calcium carbonate, exist on some fracture surfaces within the host rock. It can 
be difficult to differentiate between these two minerals through visual inspection. One 
major difference in the characteristics is that calcium carbonate reacts to HCL whereas 
dolomite does not. Therefore, a mineral that is softer than a knife and does not react to 
the application o f HCL is not calcium carbonate and could possibly be dolomite.
In addition to the lithologic descriptions, the borehole geophysical analyses 
provide the most important information about the locations and orientations o f the 
bedrock features o f Site 32. These analyses include but are not limited to: acoustic and 
optical-televiewer, fluid temperature, single-point-resistance (SPR), natural gamma, 
caliper, heatpulse-flowmeter (HPFM), and omni-directional radar.
Geophysical Borehole Analysis
Geophysical exploration of the boreholes was utilized to obtain information on 
fracture placements within the subsurface. A total of 6 bedrock wells were completed to
12
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depths ranging from 68.5 - 204.2 feet below the ground surface (see Table 1). Borehole 
geophysical analyses were conducted by Geophex, a geophysical exploration company 
based in North Carolina, to further enhance our understanding o f the physical features 
within Site 32. The geophysical data logs incorporated in the current analysis include: 
acoustic and optical-televiewer, fluid temperature, single-point-resistance (SPR), natural 
gamma, caliper, heatpulse-flowmeter (HPFM), and omnidirectional radar. The 
omnidirectional radar survey and analyses portion of the geophysical analysis were 
completed by the UNH Earth Science department. The geophysical data were analyzed 
and consolidated into a final report by Geophex. Two types o f fractures were 
differentiated by Geophex through analyzing their geophysical logs. Open fractures are 
fractures that appear open along the borehole wall, yet are closed off to water flow. 
Conductive fractures are fractures which are hydraulically active, thus allowing the 
passage of water. The location and structural orientation of each open and hydraulically 
conductive fracture was placed in tabular format.
The following provides descriptions of each geophysical method referenced 
within this study.
The acoustic borehole televiewer (ATV) is an ultrasonic pulse-echo imaging tool, 
functioning at a frequency range o f 0.5-1.5 megahertz (Williams and Johnson, 2004).
The ATV produces 360° digital images of the borehole wall. The ATV scans the 
borehole wall with an acoustic beam generated by a swiftly pulsed piezoelectric source 
revolving at an average o f three cycles per second as the tool is pulled up the borehole 
(Sharma, 1997). The tool is magnetically oriented; therefore, the dip and dip direction of 
each fracture can be determined. Borehole wall irregularities associated with structures
13
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such as foliations, bedding planes, and fractures disperse energy from the acoustic beam, 
thus decreasing the signal amplitude and generating identifiable features on the output 
image (Paillet et al., 1990). These features may not always be visible on ATV imagery if 
they are not coupled with adequate borehole relief or acoustic distinction (Williams and 
Johnson, 2004).
The optical borehole televiewer (OTV), which is also magnetically oriented, 
produces 360° optical images o f the borehole wall. This imaging system uses a band of 
lights to brighten the borehole wall, a charge-coupled device camera, and a cylindrical 
reflector housed in a translucent spherical window to identify lithologic structures 
(Williams and Johnson, 2004). Integrating interpretations of the ATV image with an 
OTV image helps identify these features when the conditions within the borehole are 
non-ideal for the ATV tool.
ATV and OTV images may be compromised by a few common factors. Residual 
drilling mud, chemical precipitates, bacterial growth, and other conditions that affect the 
clarity o f the borehole fluid impact the quality o f the OTV images. Drilling 
characteristically dredges the top and bottom of steeply dipping fractures along the 
borehole wall and makes these fractures appear as if they have an even greater dip angle 
within both the ATV and OTV images (Cohen et al., 1996). Infilled fractures may be 
gouged at the surface, giving the appearance on these images that the fracture is open. 
Considering these common fracture misrepresentations, the combination of ATV logs 
with OTV logs generates a relatively clear picture o f the borehole wall (see Figure 10).
Fluid temperature was recorded within each BBC well. These logs supply a 
continuous record o f the change in borehole fluid temperature with change in depth.
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Sharp changes in the temperature record generally indicate the presence of water- 
producing and water receiving zones (Sharma, 1997). This record may provide 
information on the permeability distribution within a borehole. Abundant fluctuations in 
a temperature log observed over a short length o f borehole may indicate that this zone 
corresponds with a highly permeable, densely fractured zone. Temperature data can be 
utilized to correct other borehole logs, such as single-point-resistance (SPR) logs, to 
ensure there is continuity in the data within each log (http://pa.water.usgs.gov).
Single-point-resistance logs record any differences, measured in ohms, in 
electrical resistance encountered in the borehole. Resistivity is essentially the inverse of 
electrical conductivity. Most rock types are resistant, in some capacity, to transmitting 
electrical currents (Helm-Clark et al, 2004). Typically, resistance increases with 
increased grain size; it decreases with increased borehole diameter, the presence o f water­
bearing fractures, and increased dissolved solid concentrations (http://pa.water.usgs.gov).
Natural gamma logs record, in counts per second, the sum of the natural gamma 
radiation released by the strata along the borehole wall (CPS) (Cohen et al., 1996). 
Gamma logs are frequently used to define lithology and determine interfaces between 
strata. Common sources o f gamma radiation are potassium-40 and the progeny o f the 
uranium- and thorium-decay series (Doveton and Merriam, 2003). Potassium is plentiful 
in some feldspars and micas that decompose to clay. Mudrocks contain an average of 
60% clay minerals (Blatt and Tracy, 1996). Phyllite is a metamorphic rock originating 
from the metamorphism of mudrocks through the application o f heat and pressure. The 
natural gamma log may indicate the presence o f these phyllite layers. Fine-grained 
detrital sediments that contain substantial amounts o f clay tend to produce more
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radioactivity than quartz sand (Blatt and Tracy, 1996). Basic igneous rocks are generally 
less radioactive than silicic igneous and metamorphic rocks. Rocks o f basic and diabase 
composition are low in silica content. Based on these factors, we would assume low 
gamma values at the metasandstone layers and diabase dike locations encountered within 
each BBC well.
Caliper logs record variations in the borehole diameter by using a spring-loaded, 
three-arm tool which is under tension. As the calipers pass over any changes in the 
borehole diameter, they respond accordingly. An increase in diameter causes the arms to 
extend, and the corresponding depth is recorded on the caliper log. Increased borehole 
diameter can be related to physical features such as variations in lithology, drill scores 
along the wall, and the presence of fractures (http://pa.water.usgs.gov). Drill scoring 
occurs when the drill bit rotates at the bottom o f the core section to be removed for an 
extended period of time, causing the scouring (see Figure 10). In conjunction with the 
other geophysical methods mentioned in this study, the caliper logs help identify 
individual fractures and zones of increased fracture density.
The heatpulse-flowmeter (HPFM) identifies zones of high permeability by 
measuring the direction and rate of flow within specified depths o f a borehole. The 
HPFM diverts nearly all the flow at a given depth to the center o f the tool where a heating 
grid heats a thin region of water (http://pa.water.usgs.gov) . The direction and magnitude 
of this thin zone o f heated water is detected by one o f the tool’s heat sensors, located 
above and below the heating grid. If vertical flow is occurring in the borehole, the heated 
water migrates up or down to one of these corresponding heat sensors. The HPFM can 
also be coupled with pumping to induce flow at hydraulically active fracture sites within
16
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a borehole. Hydraulic production zones within fractured aquifers are generally identified 
by providing profiles or anomalies within an HPFM log during steady low flow pumping 
or slow injection (Paillet, 1998). Combining HPFM logs and ATV logs may enable the 
identification of hydraulically conductive fractures (Cohen et al., 1996). Identifying these 
production zones is an important component of the BBC study.
Borehole radar helps identify the depths at which fractures intersect the well. It 
also helps document the propagation o f the fracture beyond the borehole wall, if the radar 
image resolution is clear enough. The radius o f exploration for a borehole radar 
instrument ranges from 1 meter to 50 meters, depending on the conductivity of the rock 
mass, the frequency o f the device, and the operating mode
(http ://www. geotomo graphie. de/lib/radar en.html). The omnidirectional radar probe 
spreads electromagnetic waves along the borehole wall to measure the ability of the 
adjacent space to propagate the waves. The transmitter and receiver are housed within the 
same probe and are connected through an optical cable to a control unit which serves to 
maintain time, signal generation, and data acquisition. As the antenna is pulled up 
through the borehole, the data are transferred to a laptop computer. The frequency of the 
antenna used within the BBC wells was 100 megahertz. Dr. Frank Birch performed the 
omnidirectional radar analysis and data synthesis. The fractures he identified were 
referenced with those supplied by the Geophex analysis.
Hydraulic Connection Analysis
While geophysical data aid in fracture characterization, hydraulic data provide 
insight into the hydraulic connections between the BBC wells. During the hydraulic 
testing performed at Site 32, the BBC continuously monitored the hydraulic heads of all
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the BBC bedrock wells, along with five PAFB wells. Each of the PAFB wells contains 
one pressure transducer placed below the water level to measure changes in the hydraulic 
head with time. BBC4 is outfitted with a multi-level water sampling system, known as a 
flexible liner underground technology (FLUTe) system. There are seven isolated intervals 
within the FLUTe, four o f which have pressure transducers located within them (see 
Figure 4). BBC5 is equipped with a multi-level packer system (MPS) with five isolated 
intervals, all o f which contain pressure transducers (see Figure 5). Flydraulic slug tests 
were performed within each BBC well, excluding BBC7, during different phases of the 
project. The hydraulic data utilized within the present study include the hydraulic 
responses between BBC4 and BBC5, and responses between BBC5 and BBC6.
Slug tests are performed to identify aquifer parameters such as hydraulic 
conductivity in the immediate locality o f the stressed well (Fetter, 2001). We utilized 
slug test methodology to observe potential responses within a monitored well located 
approximately 25 feet from the stressed well. Slug tests were performed within BBC5 
from November 20, 2002 to December 6, 2002, and within BBC6 from April 17, 2003 to 
May 28, 2003. During the BBC5 hydraulic testing, the four intervals within the FLUTe 
system of BBC4 were monitored. During the BBC6 hydraulic testing; the five intervals 
within the BBC5 MPS were monitored. A response is a pressure head change emanating 
within an isolated section of the monitor well that occurs immediately after the time of 
the slug test application (Figure 11).
The discrete five foot intervals selected for hydraulic testing were isolated with a 
pneumatic straddle packers system (YEP-4.75/6.00 Roctest™; Plattsburgh, NY; gland 
length 1 m) as depicted in Figure 12. Both rising and falling head slug tests were
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conducted within BBC6. For rising head slug tests, the aluminum pipe was pressurized 
with nitrogen (N2) gas with a known application o f pressure, measured in pounds per 
square inch (PSI); for falling head slug tests the aluminum pipe was depressurized with a 
vacuum pump with a known PSI. The tests were performed by setting the straddle packer 
to the desired test depth and inflating the packers to isolate the target interval before 
pressure was applied or removed. For further slug test application information within Site 
32 please refer to Pulido (2003).
Additional hydraulic stress and refined response data were required to obtain an 
enhanced hydraulic connection analysis o f Site 32. Narrowing the exact locations of 
discrete hydraulic connections between either o f the stressed wells (BBC5 or BBC6) and 
BBC1, BBC3, or PAFB wells 6013, 6029, 6073 and 6127 was not viable because these 
monitor wells each contain just one pressure transducer located below the water-table. A 
response for any o f these open boreholes appears as a head disturbance over the entire 
length of the borehole. Identifying which fracture(s) provide a response is virtually 
impossible without isolating intervals within these wells and outfitting the intervals with 
pressure transducers. At the time o f the BBC6 testing, BBC4 responses were not 
included in the analysis because the transducers were providing erratic pressure head 
readings.
The intervals within the response wells range in length within the borehole from 
approximately 5 feet to 37 feet. Multiple open and conductive fractures were observed to 
inhabit most o f these intervals. Through the analysis o f the apparent dip projections of 
each open and hydraulically conductive fracture, the refining of the hydraulic responses 
beyond the isolated interval was completed.
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Geostatistical Methodology
Geostatistics provides a suite o f statistical tools for facilitating the comprehension 
and modeling o f spatial patterns. In the geostatistical approach, fractures are treated as a 
single continuous system rather than a system made up of individual discrete fractures. 
Geostatistical models are often applicable for an extensively fractured and well connected 
fractured rock system. A heavily fractured rock has a higher probability o f being 
spatially predictable with respect to fracture placement and parameters such as hydraulic 
conductivity (National Research Council (NRC), 1990). The spatial patterns of a sparsely 
fractured rock are not as easy to predict since the fracture placements are inconsistent 
throughout the fractured rock. Therefore the application of a geostatistical model, based 
primarily on fracture spatial patterns, may not be appropriate to determine the fracture 
orientations within a sparsely fractured system.
The geostatistical model was developed using the stochastic continuum model 
SASIM, which incorporates fracture locations, proportions, and hydraulic connections to 
delineate the fractures in space. The geostatistical modeling of Site 32 was administered 
in a similar manner to Day-Lewis et al., (2000).
A stochastic continuum approach assumes the fractured media are so 
interconnected that the system behaves hydraulically similarly to a porous medium. The 
approach lumps a large number o f fractures into a locally statistically homogeneous 
Equivalent Porous Medium (EPM) to develop the characterization. Because the extent of 
interconnection within Site 32 is uncertain, and in most cases very difficult to infer, this 
approach may or may not yield reasonable results.
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SASIM incorporates the statistics of fracture abundance, fracture locations, and 
hydraulic connections to create fracture patterns. SASIM incorporates a simulated 
annealing (SA) algorithm to generate multiple realizations that are statistically equivalent 
and which honor site-specific data. The result of this approach is the creation o f 
alternative, equally likely, realizations o f the random variables (Deutsch and Joumel, 
1998). The random variable is information-dependent in that its probability distribution 
changes as more data from the surrounding unsampled areas become known. The 
probability distribution of a data set is essentially a catalog of every possible outcome 
with a probability, or likelihood, of its occurrence.
Stochastic modeling o f a fractured rock site is based on statistical distributions 
and spatial correlations o f the geometric and hydraulic properties o f the fracture 
networks. It is essentially a random description of natural variability within a system. 
Stochastic methodology generally results in multiple realizations, whereas a discrete 
model results in one realization.
The method o f simulated annealing (SA) is based on similar fundamentals o f the 
annealing process. Annealing is a process in metallurgy and glasswork whereby the 
material is subjected to heating and a slow cooling in order to strengthen and reduce the 
brittleness o f the metal/glass. Annealing allows the material to cool at a certain rate into 
an optimal state, thus attaining a maximum strength. Simulated annealing is an algorithm 
that mimics the annealing process. In addition to helping the model attain an optimal 
state, SA also has the ability to generate realizations that are conditioned to prespecified 
features (Day-Lewis et al., 2000). These prespecified features originate from field data 
and are compared with the models’ simulated values.
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The primary model image is developed by entering the conditioning data (known 
fracture locations) into SASIM input files. The model will execute a simulation by 
referencing the user-specified histogram: the model refers to the statistics surrounding the 
measured data in order to create output images that honor the spatial trends o f a given 
data set (Deutsch and Journel, 1998). The image is systematically adjusted and 
readjusted by perturbing the simulated values at unmeasured locations. A function can be 
constructed to measure how well the simulated model matches the statistical attributes of 
field observations as a way o f constraining the model. This function is known as the 
objective function.
The objective function  is optimized (minimized) in order to represent the 
established geostatistical nature of the data set most successfully. A perturbation is a 
change in the value o f an unsampled location (the space in between boreholes) from one 
value to another and is permitted within the model if  the objective function (average 
squared difference between the experimental and the model variogram) is reduced 
(Deutsch and Joumel, 1998). A variogram characterizes the spatial continuity and 
spatial variability o f a data set; one uses a variogram to model the spatial relationship of a 
physical attribute in space (see Figure 13). During the simulation, perturbations that raise 
the objective function are not always declined; this holds especially true during the 
beginning of the simulation. Accepting perturbations that increase the objective function 
at the beginning o f the simulation helps prevent convergence to a suboptimal level 
(Deutsch and Joumel, 1998).
In SASIM, the objective function is comprised o f three weighted tenns: the 
indicator variogram term (Fv), the rock volume proportion term (Fp), and the hydraulic
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connection term (Fc).
These three terms combine to solve the objective function for the simulation.
F  =  WvFv +  WpFP +  WcFc
(1)
(Day-Lewis et al., 2000)
The purpose o f minimizing these three terms is to minimize the discrepancy between 
simulated fracture placements and field measurements.
The indicator-variogram term (Fv) is the measure o f difference between the binary 
indicator variable variogram from the simulation and the variogram from the data (Day- 
Lewis et al., 2000). The binary indicator variable is a variable that represents one of two 
alternative values, one or zero. A one represents the existence of a fracture, while a zero 
represents no fracture is present. The target of the indicator-variogram term is to have the 
smallest possible difference between the field and simulated data via equation 2 (Day- 
Lewis et al., 2000):
F =f \r*(hi)-r(hi)Y2 
h 7 (/7,)a 2
(2)
N = number o f variogram lags 
h, = the lag vector for lag i
Y (h‘) = the indicator variogram for lag h ,, computed from a realization
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Y(hi) = the indicator variogram lag h(. computed from field data
The next term, the volume proportion term, is a measure o f the distinction between the 
proportions o f rock volume having fractures in the simulation, versus the proportions 
observed in the field squared.
P *  = is the fraction of grid cells in the simulation that are occupied by a 1.
P -  is the fraction o f rock volume occupied by hydraulic connections according 
to the data.
The third term, the hydraulic connection data, is a measure of the difference between the 
hydraulic connections observed in the simulation, and those connections observed in the
(3)
field.
R  = " ± t C * , - C ,
(4)
n = number o f high conductivity zones cells to check for connections.
C*ij -  simulated connectivity matrix, consisting of ones and zeros
Cy = field connection pathway matrix, consisting of ones and zeros.
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To begin a simulation, a systematic discretization of the fractured rock in the axes 
o f the x, y, and z directions is written into a model grid with a corresponding connectivity 
matrix (Figures 14a and 14b). The model grid delineation is based on well locations and 
distances between wells. Ones and zeros are placed in the model cells. A one indicates a 
fracture exists at the corresponding model depth (represented by the z direction). A zero 
indicates no fracture exists at the corresponding depth. The model cells that characterize 
the known fracture locations have their values fixed throughout the simulation. For 
example, if  a fracture exists within BBC5 at -100 feet, a one is placed in the 
corresponding model cell. Likewise, if  no fracture exists at -101 feet within BBC5, a 
zero is placed in the corresponding model cell. These values will not change throughout 
the simulation because they are established, measured values. The remaining cells 
represent the space between the well locations that remain unsampled and subsequently 
unknown, these cells are treated as random variables. These cells are referred to as C*.
The unsampled cells are assigned ones and zeros in a random manner, while 
honoring the sample histogram of the binary indicator variable (Day-Lewis et al., 2000). 
If the sample histogram contains a fracture proportion o f 20% for the rock volume 
contained within the wells, the rock volume in between the wells will also have a fracture 
proportion of 20%. This proportion is assigned arbitrarily to C* at the start of the 
algorithm. To run a simulation, the parameters, Fv, Fc, and Fp, are entered into the model. 
At each iteration during the simulation the values at C* are perturbed by flipping them 
back and forth between one and zero (see Figure 15). Shown on figure 15, the “cell to 
perturb” will have a one assigned to it, turning it black for the remainder of the 
simulation if it decreases the objective function (see Figures 16a and 16b). To repeat the
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process and create other realizations that are equally statistically likely, C* are assigned 
different starting numbers in a random manner. Since computers do not operate in a 
random mode, a parameter in the model, known as the random number seed, activates a 
random simulation by designating C* ones and zeros in an arbitrary way. The random 
number seed is a large odd integer that is changed for each simulation to produce various 
realizations that are statistically equivalent. Using the same random number seed for two 
simulations results in the same image output for both simulations (Deutsch and Journel, 
1998).
The success o f the method is dependent upon a slow “cooling” o f the simulation 
that is controlled by a temperature function that declines in time. The greater the initial 
temperature, the more likely an unfavorable perturbation will be accepted. The 
simulation is complete when further agitation o f the system does not decrease the 
objective function, and/or when a prespecified objective function value is attained. The 
temperature must not be lowered too quickly or the simulated image could end up in a 
sub-optimal position and never converge. If lowered too slowly, convergence may take a 
excessively long time.
The end products o f these simulations are high-K zones objectively delineated in 
3-D that are all statistically equivalent and equally likely. Because the simulated values 
are conditioned to the measured data, spatial continuity is introduced into the model 
honoring the variogram (Istok and Rautman, 1995).
Deterministic Methodology
A discrete fracture characterization was also employed to determine the fracture 
orientations within Site 32. A discrete model assumes that the geometric orientation of
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individual fractures in space and their connectivity to one another can be inferred from 
geological, geophysical, and hydraulic information. This method leads to a single 
fractured rock characterization.
The deterministic procedure primarily involves correlating the apparent dip 
projections o f the open and conductive fractures between well pairs (BBC3-BBC7, 
BBC7-BBC5, BBC7-BBC6, BBC5-BBC4, BBC5- BBC6, and BBC6-BBC4). Geophex 
referenced each identified fracture to the top of casing (TOC). These fracture TOC depths 
were converted to their corresponding true elevation as referenced to the National 
Geodetic Datum (see Appendix A).
The ATV and OTV geophysical data logs provide the orientations o f open and 
presumably open hydraulically conductive fractures intersecting each BBC well. 
Determining the strike and dip values o f a fracture is the primary step in estimating the 
orientations o f these planar structures. The dip direction and angle are calculated using 
the formula given in Figure 17. These two values are used to calculate the apparent dip of 
each fracture (see Figure 18). To assist the reader with the concept of ATV or OTV data 
log imagery with respect to a fracture cross-cutting a borehole, imagine cutting a straw at 
an angle and then slicing the length o f the straw, unwrapping the straw, and examining 
the edge of the angled cut. Upon inspection of the cut edge, you will notice that this edge 
appears as a curve not as a flat edge. A fracture is the planar feature represented by the 
edge cut by the scissors, and the borehole is the cylindrical feature represented by the 
straw. The unwrapped borehole wall is essentially the image created by both the ATV 
and OTV tools. Because these images are referenced to magnetic north, it is possible to 
calculate the strike and true dip of each fracture within a borehole.
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In order to facilitate analysis, fracture orientations in each well were projected on 
to cross sectional planes between wells. The apparent dip values were computed for all 
open and conductive fractures by utilizing an alignment diagram, commonly known as a 
nomogram. A nomogram is a graphical tool that employs fractures’ true dips and Beta 
values to calculate apparent dips (Billings, 1972) (see Figures 19a and 19b). The Beta 
value of a fracture is the angle between the vertical projection plane of interest and the 
dip direction. The apparent dip values were used to project the fractures between 
neighboring wells. These apparent dip fracture projections provide information regarding 
potential fracture connections in addition to possible hydraulic communication between 
two wells. The measured strike and dip of each fracture within a borehole may be used to 
associate fractures between boreholes (Cohen et al., 1996). The designations of 
connections within the projection images are considered for fractures that begin in one 
well and coalesce with a fracture in a neighboring well if these neighboring fractures 
follow a similar projection angle. Connections are also delineated between two fractures 
that meet between the two wells of interest if  they fall within the specified footage 
interval (see Figure 20). All of the apparent dips are based on the dip direction and true 
dip of each fracture according to the Geophex final reports (see Appendix B).
To account for the inaccuracies associated with instrument errors and the 
misinterpretations associated with data evaluation, an error margin o f 5 degrees for the 
apparent dip angles was assigned. The subsequent error margin footage interval with 
respect to the depth interval increases with increased distance between neighboring wells. 
For example, the error margin interval between BBC3 and BBC7 (119 feet apart) is + 10
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feet whereas the error margin interval between BBC4 and BBC6 (26 feet apart) is + 3 
feet.
A four-step process was applied to estimate the fracture connections in a 
deterministic manner. The first step includes determining the Beta and apparent dip 
values o f each open and conductive fracture using the strike and dip values that were 
calculated from the OTV and ATV image logs (see Table 4). The second step includes 
projecting the fracture from one well to a neighboring well (see Figure 21). These two 
steps are repeated for every open and conductive fracture listed in the Geophex final 
reports 1099/1186 and 1260. The third step includes the delineation o f fracture 
connections based on the orientations o f the fractures within the fence diagrams (see 
Figure 22). The fourth step includes removal of all fractures not considered part o f a 
connection, thus making the image appear less cluttered (see Figure 23). The BBC 
fracture images were initially created in the program Corel Draw and further enhanced 
Adobe Illustrator.
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Each BBC well used in the analysis, excluding BBC7, has a lithologic summary. 
Numerous physical features for each bedrock core were described in detail. Locations o f 
minerals veins, breaks in the core, closed microfractures, inferred fault contacts, diabase 
dike contacts, and lithologic stratification (in situations where it could be interpreted) 
were recorded. Precipitates harvested from microfractures within the bedrock cores were 
identified by Eighmy, et al. (2004) to be predominantly carbonate minerals and quartz. 
Identifying the locations o f potentially hydraulically active fractures through inspection 
of the bedrock cores is difficult if  not impossible. Open fractures located beneath the 
water-table will contain groundwater. These fracture surfaces as well as hydraulically 
conductive fractures have the potential for crystal growth. The presence o f these crystals 
does not divulge the hydraulic history o f the fracture in question. Therefore, the 
discrepancy between the delineation o f open and conductive fractures for those fractures 
identified as naturally occurring can not be made with much certainty. The descriptions 
intimately portrayed each five foot section of core. The lithologic summaries provided in 
Figure 24 supply the reader with a limited scope of description. For detailed images o f 
BBC4, BBC5, and BBC6 refer to Appendix C.
The geophysical logs provide the majority o f data utilized in the fracture
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characterization methods. The logs recorded within BBC5 are described below in 
the same order in which they were presented in the methods section.
Geophysical Data
The following description of the geophysical logs is limited to observations 
retrieved from BBC5 since these results are typical and provide the reader with the ability 
to recreate a description of any of the BBC wells. To review the geophysical logs taken 
within the other BBC wells see Appendix B.
The acoustic and optical televiewer (ATV and OTV) digital images are recorded 
as the imaging tool moves up through the borehole. Dark parabolic curves recorded on 
the data log reflect the presence o f a physical planar feature along the borehole wall at the 
depth indicated. Dark sinusoid curves are usually identified as fractures. Dark lines 
spaced ~ 5.0 feet apart and oriented straight across the log are generally the product o f the 
drill bit scouring the borehole wall creating a horizontal etching along the wall. The 
etched marks correspond to the lowest depth at which core retrieval occurs. The core 
lengths removed from the BBC wells are 5.0 feet in length; therefore scour marks are 
present along the borehole wall nearly every 5.0 feet. The ATV images were utilized to 
calculate the dip and dip direction values o f each fracture for each BBC well.
Geophex differentiated between open and hydraulically conductive fractures 
through the analysis of the geophysical logs. Upon inspection o f the BBC5 geophysical 
logs it appears that the conductive fractures found at elevations -54, -64, -75, -100, and - 
131 are positively correlated with fluctuations in two of the following logs: the 
temperature, SPR, and caliper logs. Elevation -54 corresponds with a decrease in the 
SPR log and a slight increase in the temperature log. Elevations -64 and -75 correspond
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with a decrease in the SPR log and an increase in the caliper log. Elevations -100 and 
-131 correspond with an increase in the caliper log and a slight increase in the 
temperature log.
The fluid temperature record for BBC5 steadily increases a total o f 4 degrees 
Celsius as well bore depth increases. Slight peaks in the record correspond with the 
presence o f hydraulically conductive fractures. For example, a peak exists at elevation 
-64 feet which corresponds with a catalogued conductive fracture.
The SPR log in Figure 25 for BBC5 contains an electrical resistance range of 0- 
900 ohms. This record contains four major anomalies at depths o f -50, -66, -95, and -126 
feet. The first three anomalies are interpreted as fractures. Because electrical resistance 
decreases with increased borehole diameter, the presence o f a fracture will cause a 
decline in resistance. Drilling induced fracture widening can enhance the magnitude of 
resistivity anomalies within a bedrock borehole (Barton and Zorback, 1992). The deepest 
anomaly is attributed to the presence o f a diabase dike. The reason for the SPR peak at 
the diabase dike is due to this material’s inability to transmit electrical currents.
The largest natural gamma anomalies within BBC5 appear at depths -54, -77, - 
112, and -114 through -125. The first three peaks in the record (elevations) could be the 
result o f contacts between the metasandstone and metashale o f the Kittery Formation.
Dr. Jose C. Escamilla-Casas identified a pelitic material containing layers o f 
metasandstone at about -54.5 feet in addition to identifying intercalated pelitic layers 
within the metasandstone at elevations -82.5 feet to -111.5 feet. The deepest anomaly 
corresponding with a low gamma value, the value o f which is approximately 25 counts 
per second, occurred at elevations -114 through -125 feet. This interval coincides with the
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location of the diabase dike, identified through the ATV and OTV as well as the 
lithologic illustrations. Low total counts of gamma radiation are indicative of igneous and 
metamorphic rocks (Sharma, 1997).
The smoothest portion o f the caliper data log for BBC5 was recorded at the dike 
location, at depths 167 through 178 feet below TOC, which corresponds with the deepest 
gamma log anomaly. According to the lithologic bedrock core description, the diabase 
dike did not contain as much fracturing as did the host rock. The caliper log displays 
peaks of increased diameter in inches where fractures are present. Peaks >6 inches 
correspond with fracture locations. The peaks associated with elevations -54, -59, -71, - 
81, and -100 are consistent with fractures identified in the ATV and OTV logs. These 
depths also correspond with increased flows in the heat-pulse-flow-meter (HPFM) log. 
Not every fracture present within a borehole will yield a peak within the caliper record. 
For example, the caliper’s three spring loaded arms could pass over an extremely thin 
fracture without detecting it.
The HPFM and caliper record have a moderately positive correlation. Increased 
diameter at depth within the borehole wall, have flows associated with the same depths 
according to the HPFM and caliper records o f BBC5 (Figure 25). An induced flow rate 
of 0.5 gallons per minute (1.89 L/min) was used within BBC5 to perform the HPFM 
testing.
The omni-directional radar record successfully identified the diabase dike 
locations in each BBC well and indicated the presence of multiple fractures within each 
borehole (see Table 5). These fracture picks were also recognized in the Geophex final 
reports within the specified error margin o f + 3.3 feet. The omni-directional radar data
33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
correlated with a number o f the inferred fracture connections between the BBC wells. 
Some o f the correlated fracture picks were also identified as hydraulic connections within 
the system. The omni-directional radar information proved to be useful in this analysis. 
The radar image created from the BBC7 investigation contained a text book image of a 
fracture cross-cutting the borehole (see Figures 26a and 26b).
Omni-directional radar logs do not generally provide as detailed information as do 
some o f the other geophysical logs incorporated in this analysis. Fewer fractures were 
recognized by the radar antennae when compared with the combination of the other 
geophysical logs. One reason for this shortfall could be that the antennae do not detect 
smaller fractures.
Omni-directional radar was utilized in combination with the identification of 
hydraulically conductive fractures by Olsson et al. (1992). These researchers obtained a 
success rate o f 84% by correlating identified hydraulically conductive fracture zones with 
their borehole radar fracture zone picks. The BBC hydraulic connection data 
incorporated within this study were synthesized in conjunction with all the geophysical 
borehole data.
Hydraulic Connections
The hydraulic connection data provided general insight into the locations of 
hydraulic communication pathways within the bedrock system of Site 32. The hydraulic 
response data recorded within the monitor wells were gathered from slug testing within 
BBC5 and BBC6. Each o f the Site 32 BBC wells included in Figure 1 were monitored 
for responses; however, this analysis is limited to the isolated hydraulic connections 
between BBC4 and BBC5 and between BBC5 and BBC6 due to a lack o f isolated
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response data within the other BBC wells.
Each isolated stressed interval was 5.0 feet in length. Hydraulic responses were 
acknowledged when a hydraulic head change occurred within the monitored well isolated 
interval(s) in response to the stress application. An ideal hydraulic response within 
BBC5-I5 occurred on day 111 (4/21/03) (see Figure 11). The corresponding depth 
interval o f -120 feet to -125 feet below sea level within the BBC6 five foot isolated 
interval appears to have a single hydraulic connection with this deepest isolated interval 
of BBC5. The first slug test, first vertical dashed line in Figure 11, is a rising head slug 
test; the subsequent response within BBC5-I5 is an increase in pressure head of 0.3 feet 
over a discrete amount o f time. The second slug test on day 111 was a falling head test 
and the subsequent response within BBC5-I5 is a sudden drop in pressure head of 0.25 
feet.
Appendices D and E provide the synthesized hydraulic responses o f BBC4 to the 
BBC5 slug tests and the BBC5 hydraulic responses to the BBC6 slug tests. Tables 6 and 
7 provide the pressure applied, given in pounds per square inch (PSI), per Ho pair for 
each day included in the hydrologic connection synthesis. Ho refers to the pair of 
successive applications o f the same pressure for a rising head and falling head slug test. 
Tables 8 and 9 provide the inferred hydraulic connections interpreted between the 
stressed well and the monitored well based on the images found within Appendices D and 
E. Please note that some days on which slug tests were administered were omitted from 
synthesis if  the stressed interval had already been stressed on another day and the results 
from each testing round yielded similar responses. These synthesized hydraulic 
responses were used to 1) create fracture images within the bedrock of Site 32 using the
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geostatistical model SASIM, and 2) infer hydraulic connections between specific depths 
within each well using the deterministic method.
Geostatistical Results
The geostatistical approach is one way to describe the distribution of subsurface 
fractures. The creation of the connectivity matrices was based on information gathered 
from the FLUTe and MPS systems in BBC4 and BBC5. The intervals within these 
systems, as stated previously, contain multiple cross-cutting fractures some o f which may 
or may not be associated with the hydraulic communication within the fractured aquifer. 
The development o f the connection matrix was based on hydraulic communication 
between the fractures on a one foot interval. Because it is unclear which fracture(s) 
contribute to the hydraulic communication, the identification of hydraulic connections on 
a one foot interval is impossible. Therefore, the connectivity matrix was based on 
estimated hydraulic connections on a one foot interval by cross-referencing the hydraulic 
connection information with the fractures identified by the geophysical tools.
As discussed previously, the SASIM algorithm (Day-Lewis et al., 2000) has been 
shown to be effective in that it can incorporate hydraulic connectivity information. Initial 
efforts to apply this algorithm under the conditions present at the BBC site suggested 
some potential inconsistencies between the hydrogeologic characteristics o f the BBC site 
and the statistical assumptions on which the SASIM algorithm is based, in particular, the 
characteristics of the anisotropy.
Anisotropic media have properties that differ according to the direction of 
measurement and can be described statistically with different correlation lengths in 
different directions. The correlation length (CL) is a length measure o f how a physical
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structure -  a fracture in our case -  is related to neighboring fractures in three different 
directions in space. The X direction, measured east to west as you observe Figure 27, is a 
measure o f how the fractures in space are related to their easterly and westerly neighbors. 
There is also a CL for the Y and Z directions. Y measures into the paper, the length you 
cannot observe with a 2D graph. The Z CL measures the northerly and southerly 
neighbor fracture relation. For instance, a fractured rock that has all fractures dipping 
towards the north is exhibiting anisotropy in one direction. SASIM was able to 
successfully create fracture patterns that trended in the same direction (see Figure 27).
According to the hydraulic connection data and apparent dip fracture 
projections, potential hydraulic connections between BBC5 and BBC6 were observed to 
be oriented at non-perpendicular angles (see Figure 28). However, the SASIM algorithm 
is based on the assumption that the hydraulic connectivity occurs along preferred axes 
that are mutually perpendicular.
Attempts to honor all three terms of the objective function while also preserving 
the variable orientation o f the connections were unsuccessful. As stated above, the 
variogram characterizes the spatial continuity and spatial variability o f a data set. By 
excluding the variogram from the simulation one allows the model to complete successful 
simulations, with the correct multi-oriented connection data, because it is not held under 
the restriction to conform to the data trends. In this case, SASIM only has to honor the 
fracture locations, proportions and connections. The subsequent image of Figure 29 
retains no likeness to a fractured rock system when the variogram is omitted; rather, the 
system appears homogeneous and isotropic. Similarly, setting these correlation lengths 
to identical values the model output creates a subsurface environment similar to a
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
homogenous system, a system very different than a typical fractured system (see Figure 
30). The fracture connections essentially appear as blobs instead o f angular features. In 
reality, our interpretation of the Site 32 fractured system is more continuous in the 
horizontal direction (X direction) than it is in the vertical direction (Z direction). This is 
due in part to the fact that our observations are limited to data gathered from vertically 
drilled boreholes. Therefore, designating equal correlation lengths to represent the 
fractured system of Site 32 is a misrepresentation.
In summary, SASIM was not able to create a representative model o f Site 32. 
Factors such as limited hydraulic data and the non-perpendicular anisotropic nature o f the 
hydraulic connections within the fractured rock system each played a roll in the model 
shortfalls.
The model is more proficient at modeling hydraulically active fracture zones, 
areas within the host rock containing multiple fractures which are hydraulically 
connected to one another through a zone network, as described in Day-Lewis et al.
(2000), rather than discrete fractures occurring over short length scales. Day-Lewis et al. 
(2000) successfully used SASIM in characterizing their study site because they applied 
fracture zone connections as opposed to individual fracture connections which reduced 
the manifestation o f the non-orthogonal orientations of connections. In addition, their 
study site encompassed a much larger area, approximately 121,968 square feet whereas 
our study site included only 25 feet in one direction. The difference in model area may 
have played a role in SASIM’s inability to simulate the hydraulic fracture connections 
within Site 32.
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Deterministic Results
A deterministic interpretation o f the fracture orientations was created as an 
alternative method of characterizing the fractures and the associated hydraulic 
connections. This method was developed through applying the apparent dips to the 
strike and dip directions o f each open and conductive fracture obtained via the Geophex 
final reports 1099/1186 and 1260. Once the apparent dips were applied to each fracture, 
as discussed in the Methods section, the fractures were projected between neighbor wells. 
The resulting two-dimensional (2-D) images provide insight into the possible fracture 
connections that may exist between neighbor wells. Refer to Appendix F to view the 
fracture connections between chosen BBC wells.
The combination o f each paired fracture projection in Appendix F yields two 2-D 
fracture characterizations o f BBC Site 32 (see Figures 31a and 31b). In addition to the 
complete fracture fence diagrams of BBC Site 32, a fracture characterization of the well 
cluster of BBC4, BBC5 and BBC6 was also performed (see Figure 32). This enables the 
reader to view the dynamic fracture orientations of this well cluster with a semi-3 D visual 
perspective. The hydraulic connection interpretations between BBC4 and BBC5, and 
between BBC5 and BBC6, were applied to the fracture connections to present 
hydraulic/fracture connection images (see Figures 33 and 34). These images are 
important in visualizing the hydraulic pathways between BBC4 and BBC5, and between 
BBC5 and BBC6. The potential hydraulic pathways between BBC4 and BBC6 could not 
be deciphered. During the hydraulic testing o f BBC6 the transducers within the FLUTe 
system of BBC4 provided erratic readings and were therefore not utilized for this 
hydraulic characterization.
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Combining fracture location and orientation data with inferred hydraulic connections 
provides the most accurate representation of the hydrogeologic conditions in the well 
cluster of BBC4-5-6.
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CHAPTER 4
DISCUSSION
In addition to the geostatistical and discrete representations o f a fractured bedrock 
considered here, other models exist that view the fractured rock in a different manner. A 
double-porosity model considers the fractures to be the secondary porosity, and the pore 
space within a host rock to be the primary porosity. Together, the fractures and pore 
space contribute to the over-all hydraulic behavior of a bedrock aquifer. This type of 
model would be more applicable to a fractured rock that contains ample primary porosity, 
such as a sandstone, as opposed to a metamorphic or igneous bedrock (NRC, 1990). Our 
metamorphosed sedimentary bedrock does not contain a significant amount of pore 
space. Therefore the application of a double-porosity model may not be a suitable match 
for our data.
Gringarten [1996] presents a model that utilizes an algorithm to generate 3-D 
stochastic illustrations of discrete fractured networks. It encompasses the general rules 
for fracture propagation and interaction. The algorithm requires information on the 
density and orientation o f the fractures. The model can include data collected from 
borehole logs, well cores, outcrop studies, geomechanical stress studies, and seismic 
surveys (Gringarten, 1996). One limiting factor to this model is that the algorithm
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assumes that all the fractures form rectangular geometries in the bedrock. This may be a 
valid assumption for a layered sedimentary bedrock system where there is at least one 
plane within the bedrock that has preferential jointing in one direction. The fractures 
inhabiting the metamorphic host rock of the Kittery Formation do not follow a regular 
rectangular pattern, as far as the observations display. Rather, they are oriented in 
various positions in space resultant from the application of past tectonic stresses.
Multi-Response Anomaly
The hydraulic connections within the bedrock of Site 32 were difficult to interpret 
since the observations were made from data gathered from the MPS and FLUTe systems. 
The isolated intervals within these two systems cover finite lengths o f borehole, but 
within these intervals multiple fractures are present. Delineating which fracture(s) 
contribute to a hydraulic connection is difficult if not impossible within these intervals.
In some cases, hydraulic responses occurred in more than one interval. The multiple 
hydraulic responses, labeled as multi-response anomalies (MRA), occurred within Site 32 
during the hydraulic slug testing of BBC5 and BBC6. An MRA appears to be a 
combination of fracture interconnectedness and the hydraulic connections created by the 
presence of the column of water within the borehole. These responses occurred more 
frequently in the shallower regions of the borehole, the sections where inferred fracture 
were more abundant.
A multiple response anomaly is a response that occurs within multiple isolated 
intervals o f the monitored well to stresses placed on discrete intervals within the stressed 
well. The identification o f discrete hydraulic connections between two wells requires 
hydraulic responses to occur within a single isolated interval in the monitored well, ie.
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intervals within the MPS or FLUTe systems. A single isolated response provides an 
indication of an exclusive hydraulic connection between particular depths within two 
wells of interest. An example o f an isolated hydraulic response can be observed in Figure 
11. BBC5-I5 recorded a head disturbance in response to pressure added to and taken 
from an isolated interval within BBC6. None of the other four isolated intervals within 
the BBC5 MPS system recorded pressure changes in response to the stressing of 120 to 
125 feet below sea level within BBC6. If each hydraulic response occurred in a single 
monitored interval, the specific hydraulic connections within the system would be more 
distinct and thus easier to define. In reality, our fractured system appears to be vastly 
hydraulically interconnected.
A total o f ten MRAs were documented upon the synthesis o f the hydraulic 
connection data (see Tables 8 and 9). Multiple responses occurred within each isolated 
interval in BBC4 on days 91, 114, and 128 o f 2002 in response to the slug tests placed 
within three isolated center depths in BBC5: 66.0, 81.0, and 99.0 feet below sea level. 
Likewise, multiple responses were recorded within each isolated interval of BBC5 on 
days 118, 119, 120, 140, 141, 143, 147, and 148 (days 119 and 120, first two slug tests, 
occurred within same interval) of 2003 in response to the slug tests placed on seven 
isolated center depths within BBC6: 63.0, 55.5, 127.5, 114.0, 80.5, 68.5, and 58.5 feet 
below sea level (see the corresponding graphs for the days listed above in Appendices D 
and E).
Identifying the specific hydraulic connections is difficult, if  not impossible, for 
stress tests that produce these MRAs. Referencing the apparent dip fracture projection 
connection diagrams in order to narrow down potential single hydraulic connections
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between the stressed well and the response well was performed, as discussed in the 
Methods section.
A fractured system that contains multiple opposing fracture orientations in space 
inadvertently creates multiple hydraulic pathways throughout the bedrock system. These 
hydraulic pathways allow pressure stresses to dissipate from the source of the stress in 
numerous directions. Figure 35 exhibits a possible fracture orientation scenario between 
BBC5 and BBC6 which results in an MRA. As seen in Figure 35 the placement of a 
single sub-vertical fracture within this predominantly sub-horizontal fracture system 
creates multiple connections. The pressure applied to the five-foot interval encompassing 
a depth o f 55.5 feet below sea level within BBC6 radiates away from the source of the 
stress and travels along any available hydraulic pathway.
In addition to the presence of multi-oriented fractures creating hydraulic 
communication throughout the system, the presence o f a borehole provides hydraulic 
stress short cuts as well. The installation o f a borehole inadvertently connects the 
fractures it intersects. The borehole behaves as a large, uniform, vertical hydraulic 
conduit. A borehole is an effective way to dissipate the energy created by hydraulic 
testing. The volume within a borehole, known as the well bore storage, often behaves as 
the prevailing driving force for flow within a fractured system (Paillet, 1998). An 
immediate change in the hydraulic pressure within the borehole will cause unavoidable 
responses within the bisected fractures. This hydraulic behavior within the fracture 
networks is known as fracture short-circuiting.
The installation o f wells can connect previously unconnected fractures and create 
short-circuit routes (Cohen et al., 1996). Karasaki et. ah, (2000) and Cohen et ah, (1996)
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found that the presence o f a borehole created preferential pathways through a fracture 
network that did not exist prior to well installation. The application o f a hydraulic stress 
within a borehole instills a foreign pressure within a hydraulic system which, under 
ambient conditions, is most likely in equilibrium with the surrounding groundwater. 
Systems taken out o f equilibrium want to restore equilibrium by the easiest means 
necessary. The well bore storage provides an artificial mechanism for the system to 
regain equilibrium in a quick manner.
In addition to producing multiple responses, fracture interconnectedness and the 
presence o f a borehole may possibly lead to erroneous estimates of hydraulic 
conductivity (K) for a given interval. In a case where a high K is calculated, a hydraulic 
test may be testing one fracture which is connected to a neighbor fracture, which in turn 
is connected to the open portions of the borehole. This chain reaction o f hydraulic 
pathways creating high K values is very probable. Two o f the MRAs observed during the 
slug testing o f BBC5 and one MRA observed during the slug testing o f BBC6 have K 
values in excess o f 20 ft/day associated with the same intervals (see Figures 33 and 34). 
These K values could be the product o f fracture interconnectedness and fracture short- 
circuiting. Determining whether the high K values are attributable to the presence of the 
borehole may be done by placing pressure transducers above and below the packed off 
isolated stressed interval. Any pressure anomalies recorded by the pressure transducers 
near the time of the stressing could be credited to fracture interconnectedness and fracture 
short-circuiting.
The existence of the diabase dike may play an important role in the 
compartmentalizing o f the fractured rock aquifer. BBC2 was drilling directly into one of
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these semi-vertically oriented dikes. This borehole is hydraulically isolated from the 
surrounding subsurface. Attempts at hydraulic testing within this borehole were 
unsuccessful. Additionally, MRA’s were less abundant in the deeper regions o f the 
hydraulically tested boreholes (BBC4, BBC5, and BBC6), specifically in the regions 
where the diabase dike is located. Despite the fact that our hydraulic connection data 
suggests the presence o f the diabase dike compartmentalizes the aquifer, there is a 
possibility it may increase hydraulic communication within a fractured system.
After the injection of the hot molten lava into the host rock, the lava begins to 
cool down. As the lava cools, structures known as columnar joints may form. Columnar 
joints are described as parallel, prismatic columns in basaltic flows and sometimes occur 
even in intrusive dikes, this particular pattern is a product o f the cooling of the material in 
question (Bates and Jackson, 1984). If these columnar joints are present within our 
system, hydraulic communication may be increased near the location of the dike. Our 
hydraulic data does not suggest the presence o f the dike increases the hydraulic 
communication. Our geophysical data does not suggest there are columnar joints present 
within the dike. But, it is important to note that there is a possibility that these joints may 
be present within the system, and therefore may add to hydraulic communication.
Model Uncertainty
Understanding the pathway o f any contaminant plume within a system is a multi­
faceted problem. The geologic conditions that establish the hydraulic properties of earth 
materials vary immensely and the existing information on subsurface conditions is so 
sparse that the actual distribution o f the physical and hydraulic properties is greatly 
uncertain (Gelhar, 1993). This uncertainty is heightened when it involves characterizing
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fractured rock. Defining the orientations o f fractures which are host to contaminants is an 
important yet extremely difficult task. A contaminant plume residing within a fractured 
rock is typically spatially heterogeneous, and predicting its behavior is too complicated 
because the fractures themselves are difficult to delineate (Odling and Roden, 1997).
Modeling any system within the subsurface will contain a significant amount of 
uncertainty in the model estimations. This is in part because we base the majority of our 
parameters on sparse point measurements. In so doing, we do not account for the 
uninvestigated space in between the point measurements, which in reality can be very 
different from what has been observed. Basing model predictions upon point 
measurements within a highly heterogeneous environment can result in greatly uncertain 
predictions. We assume that the measurements we are taking are representative of the 
entire system. In reality, without obtaining an exhaustive data set, predicting the 
behavior o f a heterogeneous system is nearly impossible. The sparser the measurements, 
the more likely it is that model predictions are inaccurate. If one is able to obtain an 
exhaustive data set, the likelihood of receiving more accurate model predictions 
increases. In most cases however, large data sets are difficult and costly to acquire.
A more accurate representation o f the fracture orientations within Site 32 could be 
achieved if either outcrop fracture measurements or fracture data obtained from 
horizontally placed wells were included in the analysis. In fracture studies, the surface 
data collected from outcrops favor displaying steeply dipping fractures, whereas vertical 
borehole data favor the identification o f low-angle fractures (Hsieh, et al., 1985, LaPointe 
and Hudson, 1985). A combination o f both data sets provides a more complex and 
complete representation o f the fracture orientations within the rock mass (Hsieh et al.,
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1996, NRC, 1990).
Our perspective is limited to observations of the sub-horizontally placed fractures; 
consequently, the discrete model contains inherently skewed data points and the 
predictions o f fracture placement are distorted. Our unavoidable underrepresented 
knowledge of Site 32 leads to model inaccuracy. This especially applies when the 
subject system incorporates high amounts of heterogeneity. Models tend to lack accuracy 
when faced with a high level o f heterogeneity (NRC, 1990).
Another step towards increased model uncertainty includes parameter influence. 
Most modeling incorporates predictions of the systems behavior by manipulating the 
parameters to attain a close fit to the field observations. For example, if  we know the 
hydraulic head o f five wells in our subject system, and we are attempting to model 
contaminant plume movement through the simulated system, we may manipulate the 
hydraulic conductivity (K) in order to fit the hydraulic head values within the model to 
match those measured in the field. These altered K values will allow the model to 
establish the correct hydraulic heads, but the resulting predictions o f the contaminant 
plume movement, in time and space, through the system may be incorrect.
Our geostatistical model may have been more successful in generating 
realizations that honor the data if another step had been taken in the modeling process. 
The creation o f more categories for the indicator variable would have allowed the model 
to create simulations containing multiple anisotropies, i.e. varied fracture orientations 
(Day-Lewis, pers comm.). Currently, the only indicator variable SASIM contains is 
whether or not a specific location within each borehole contains a fracture. Assigning 
multiple indicator variables would allow both the modeler and the model to identify
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different fracture populations present within the host bedrock. Designating fracture 
connections with their respective fracture population would let the model honor the input 
data and specified parameters simultaneously. However, this would require serious 
modifications o f the Fortran code for SASIM which is beyond the scope o f this thesis.
The discrete model contains uncertainty in its estimates o f the fracture geometries. 
Since this model is based on point measurements from vertically placed boreholes, the 
space between the boreholes remains unknown, as do the sub-vertical fractures oriented 
adjacent to and between the boreholes. A limitation in the use o f discrete fracture models 
is the requirement to specify the exact geometry o f the network. It is not possible to know 
the exact geometry o f a natural fracture network (NRC, 1990). Even if the borehole 
geophysical tools provide the correct fracture orientations at their intersection with the 
borehole, the spatial variability between each BBC well is undocumented and cannot be 
determined. In addition to this inherent spatial variability, as distance from each borehole 
increases so does the uncertainty o f the estimation of the fracture orientations.
The assumption that the orientations of fractures in space are known with 
certainty presents a heavily subjective interpretation. Even the geophysical data logs, 
which provide the majority o f the data, are susceptible to bias. Physical features such as 
fractures intersecting the bedrock create anomalies in the geophysical records allowing 
these features to be identifiable to the trained eye. Identifying a feature evident on a 
geophysical data log as a fracture could be a misjudgment. The biases with respect to the 
interpretation of the geophysical log can be reduced through instruction, experience, and 
cross-correlation between multiple types o f geophysical logs.
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Model Reliability
The interpretations o f the positions of the fractures as they intersect a borehole 
may be compromised and lead to inaccurate discrete modeling. The computation of the 
dip values o f each fracture, an important component in the calculation o f the apparent dip 
values, could be inaccurate due to damage caused by the drilling process. Over time 
hydraulically conductive fractures generally undergo various amounts of chemical 
alteration through the passage o f water. The walls within these fractures are susceptible 
to damage from the drilling process because this material is typically less resistant to 
breakage when compared with a fresh bedrock surface (Barton and Zorback, 1992). The 
drill bit can break and crush these weathered portions of bedrock, inadvertently making 
the fracture aperture appear more open and/or more steeply dipping at its intersection 
with the borehole. When the ATV and OTV tools record the height o f the sinusoid, the 
calculated value will be larger in such cases. The true dip values o f these altered 
fractures will have larger angles associated with them. The apparent dip values which are 
based on the true dip angles will also be inaccurate. The fracture projections based on the 
apparent dip values will have incorrect destination depths for fractures that have 
undergone this fracture gouging. In this scenario, the initial data introduced into the 
model are inaccurate and each piece of data based on these values will also be inaccurate. 
Therefore, with this in mind, the fracture placements within the discrete fracture 
characterization may be highly unreliable for those fractures that succumbed to drilling 
induced gouging.
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CHAPTER 5
CONCLUSION
The study presented here incorporates borehole geophysics and hydraulic testing 
in the characterization o f a fractured rock aquifer at the scale o f 10s o f meters. Two 
methods were applied to depict the placements of the fractures inhabiting the subsurface 
o f Site 32. The geostatistical method employed the stochastic continuum model SASIM 
to generate multiple fracture realizations. The discrete method utilized the orientations of 
each individual fracture encountered in each borehole to develop a single fracture 
characterization.
The geostatistical method proved to be incompatible with the hydraulic fracture 
connections inferred within Site 32. The non-orthogonal orientations o f the inferred 
hydraulic fracture connections prevented SASIM from properly converging. The model 
may have had more success if the current Fortran code were re-written to allow for non- 
orthogonal positions o f the hydraulic fracture connections.
The development o f the discrete model incorporated the measured strike and dip 
o f each open and hydraulically conductive fracture to infer fracture projections between 
neighboring boreholes. The fracture fence diagrams provide potential insight into the 
orientations o f the fractures within the subsurface. This method was further elaborated to
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
include the hydraulic connections interpreted between two sets of wells. The recognition 
of possible hydraulic connections within Site 32 was an important component o f the 
study.
The BBC is interested in understanding the hydraulic communication within the 
fractured host rock. The naturally occurring microorganisms inhabiting the fractures 
provide a means to the degradation of the contaminant plume. The BBC anticipates 
feeding these microorganisms butane through the fractured network in order to increase 
the population and boost the rate o f contaminant degradation. Recognizing the hydraulic 
pathways through which the butane can travel will allow the BBC to select the most 
hydraulically effective pathways to inject butane.
During the analysis o f the hydraulic testing and response data it was discovered 
that some o f the isolated response intervals exhibited multiple hydraulic responses.
These multiple response anomalies (MRA) appear to be the products of fracture 
interconnectedness and borehole existence. The presence of MRA’s prevents an accurate 
interpretation of individual hydraulic connections through the fracture network. 
Narrowing the possible individual hydraulic pathways was performed by studying the 
fracture projections inferred between the wells in question (see Figures 33 and 34).
A further detailed hydraulic characterization o f Site 32 should include more 
discrete isolated intervals within a borehole each outfitted with a pressure transducer.
The more intervals with transducers would result in an enhanced hydraulic 
characterization. In addition, designing the isolated intervals to include shorter lengths of 
borehole would result in fewer fractures cross-cutting the interval making it easier to 
narrow down a possible hydraulic connection. In addition, the placement o f transducers
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above and below the stressed interval would divulge information o f any pressure changes 
occurring within the open portions of the stressed borehole. If pressure changes occurred 
above or below the stressed interval, one may deduce that some combination of fracture 
short-circuiting plays a role in the hydraulic dissipation pathways that lead back to the 
stressed borehole.
The uncertainty involved with the subject modeling process is impossible to avoid 
since the model is based on limited observation points and inherent assumptions. The 
data points were retrieved from vertically drilled boreholes. These observations are 
biased towards depicting sub-horizontally placed fractures. Any fracture characterization 
that is based on these observations is limited because little is known about the presence or 
absence o f sub-vertical fractures. Because of these limitations, the interconnectedness of 
the fracture system cannot be known with certainty.
The reliability o f the fracture characterization o f Site 32 is dependant on the data 
input. The data input, as stated in the previous paragraph, was collected by way of 
limited observation points. The data used in this analysis was utilized to the best of its 
ability. While this model may not include information regarding the presence of sub­
horizontal fractures, it is a very thorough study o f the available data.
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Table 1.
Drill log for BBC wells
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Mineral Content of the Kittery Formation Quartzites
type percentage Description
Quartz 40-70
some polycrystalline grain minerals, some bubble 
inclusions with metamorphic texture, grains sometimes 
aligned with foliation
Biotite 0-40 generally foliated sub-parallel to bedding, non-detrital
Chlorite 0-10 generally foliated sub-parallel to bedding, non-detrital
White-mica 0-25 generally foliated sub-parallel to bedding, non-detrital
Carbonate 0-20 matrix mineral, generally calcite





non-detrital: plagioclase detrital: 
twinned and untwinned high Ab plagioclase (?)
Zircon < 1 detrital, generally elongate
Opaques < 1 generally associated with biotite
Tourmaline trace detrital, well-rounded
(Rickerich, 1983)
Table 2.
The mineral content of the Kittery Formation according to the petrographic analysis 
performed by S. F. Rickerich.
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depth in 
feet(bgs) w6127 (wbr) w6075 (wbr) w6013 (br) w6029 (wbr) w6071 (wbr)
0-5 ns ws sand w/clay and silt
ws sand, lean clay 
stiff ps sand w/silt ns
5.0-10 elastic silt w/sand clayey sand lean clay, stiff clayey sand ns
10.0-15 sandy elastic silt sandy fat clay lean clay, stiff elastic silt ns
15-20 sandy silt sandy fat clay silty sand elastic silt ns
20-25
sandy silt and silty 
sand w/gravel sandy fat clay silty sand elastic silt ns
25-30 silty sand w/gravel quartzite ws gravel w/sand metasedimentary ns
30-35 ns quartzite quartzite
metasedimentary/
phyllite quarzite
35-40 ns quartzite quartzite quarzite quarzite
40-45 ns quartzite quartzite quarzite quarzite
45-50
silty sand at 46', ns 
at 47’ drilled to 51.8 feet quartzite drilled to 45.5 feet quarzite
50-55 ns drilled to 53 feet quarzite
55-60 ns quarzite
60-65 quartzite at 61.5' quarzite
65-70 quartzite at 61.5' quarzite
70-75 quartzite at 61.5' quarzite
75-80 drilled to 77.5 feet
drilled to 75.8 
feet
(bgs) below ground surface Weston, bedrock, 1992
(btoc) below top of casing Weston, IRP, 1992
well sorted (ws) = poorly graded/uniform grain size Weston, 1993





Pease Air Force Base (PAFB) geologic drill logs from previous monitoring well explorations.
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
nega tive  
elevation  in 
d es tin a tio n  
w ell BBC6
n ega tive  
elevation  in 
d es tin a tio n  
w ell BBC5
B eta value
Well Dip D irection strik e Dip TOC depth
negative
elevation d irec tion to w ard s aw ay
a p p a re n t
d ip
336.19 246 6.19 98 45 northeast 20 2 46
BBC5 83.93 354 7.29 103 50 northeast 52 5 52
300.8 210.8 61.5 94 42 southw est 15 25 53
BBC6 310.8 220.8 69.3 92 40 southw est 5.2 13 47
The s tr ik e  value is Dip Direction minus 90, in a circumference of 360 degrees.
D irection indicates if the projected fracture is going to be projected down to a  lower elevation, 
indicating the fracture is dipping towards the destination well, or projected to a 
higher elevation in the destination well, indicating the fracture is dipping away from the 
destination well.
T he B eta  v alue  is calculated by subtracting the strike value from the transect value that is created by the 
two subject wells. P lease  refer to Figures 19 a  and b for a  description of this calculation.
The a p p a re n t d ip  angle is calculated by utilizing the Nomogram. P lease  refer to Figures 19 a  and b for a 
description of this calculation.
Tab le 4.
This table presents the method for determining the Beta and  
apparent dip values used in the Deterministic Method.
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Well
depth below TOC 
Depth (m) Depth (ft) elevation Dip (degrees) Location
BBC3 13.2 43.2 10.8 70 ds
36.2 118.4 -64.4 66 ss
40.2 131.5 -77.5 78 ss
19-24.8 62.1-81.1 neg 8 thru neg 27 dike
BBC4 29.2 95.5 -43.2 51 ds
37 121.0 -68.7 57 bs
51 166.8 -114.5 41 ss
56.6 185.1 -132.8 51 ss
41.5-47.9 135.7-156.6 neg 84 thru neg 105 dike
BBC5 29.5 96.5 -43.6 24 ds
32.5 106.3 -53.4 27 ds
37.5 122.6 -69.7 63 bs
40.5 132.4 -79.5 38 ss
52.9 173.0 -120.1 43 ss
49-54.1 160.2-176.9 neg 107 thru neg 124 dike
BBC6 35.5 116.1 -64.1 53 bs
39.4 128.8 -76.8 57 bs
46.7 152.7 -100.7 55 bs
50.4 164.8 -112.8 53 bs
54.9 179.5 -127.5 54 ss
58.7 191.9 -139.9 61 bs
47-53 153.7-173.3 neg 102 thru neg 121 dike
BBC7 25 81.8 -30.4 49 ds
27.5 89.9 -38.5 44 ds
35 114.5 -63.1 41 bs
45 147.2 -95.8 71 bs
22.3-28 72.9-91.6 neg 22 thru neg 41 dike
Error margin + 1 meter
ds = deep side only 
ss = shallow side only 
bs = both sides
Table 5.
Dr. Frank Birch's fracture picks from the omni-directional radar records of the BBC 
wells. Figure 26a and 26b supplement this data table.
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BBC5 Slug Test Information P S I  = Pounds per square inch
Center Depth (ft) Ho pairs are given in values of PSI
DATE DAY
Depth 





































4/1/2002 91 114.0 -61.0 5 10 3 20
4/5/2002 95 119.0 -66.0 3
4/11/2002 101 124.0 -71.0 3 5 10 20
4/17/2002 107 129.0 -76.0 2.5 5 10
4/24/2002 114 134.0 -81.0 2.5 5 10 20
5/8/2002 128 152.0 -99.0 1 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
5/9/2002 129 168.0 -115.0 2.5
5/10/2002 130 178.0 -125.0 2.5
Table 6
T h e  BBC5 slug te s t  application d a te s  an d  m a gn itudes  of th e  s tre s s e s . R efer to this tab le  w hen 
viewing th e  hydraulic re s p o n s e s  of BBC4 to  th e s e  s tr e s s e s  d isp layed in A ppendix D.
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BBC6 Slug T est Information PSI = Pounds per square inch






























4/17/2003 107 197.4 -145.4 2.5 2.5
4/21/2003 111 174.5 -122.5 2.5 2.5
4/22/2003 112 174.5 -122.5 2.5 5 10
4/23/2003 113 152.5 -100.5 2.5 5 10
4/24/2003 114 147.5 -95.5 2.5 5
4/25/2003 115 130.5 -78.5 2.5 5
4/28/2003 118 115.0 -63.0 2.5 10 20
4/29/2003 119 107.5 -55.5 2.5 2.5 2.5 5 5 5 10
4/30/2003 120 107.5 -55.5 10 10
4/30/2003 120 101.5 -49.5 5
5/1/2003 121 101.5 -49.5 2.5 2.5 10
5/2/2003 122 94.5 -42.5 2.5 5 10
5/16/2003 136 197.4 -145.4 10 10
5/16/2003 136 193.0 -141.0 10 10
5/19/2003 139 188.5 -136.5 10
5/19/2003 139 184.0 -132.0 10
5/20/2003 140 179.5 -127.5 2.5 5 5 10 10 10 17 18 18
5/21/2003 141 175.0 -123.0 10 10
5/21/2003 141 170.5 -118.5 10
5/21/2003 141 166.0 -114.0 10 10
5/22/2003 142 161.5 -109.5 10 10
5/22/2003 142 157.0 -105.0 10
5/22/2003 142 142.5 -90.5 10
5/22/2003 142 137.5 -85.5 10
5/23/2003 143 132.5 -80.5 10 10 10 5 5 5 17 17 17
5/27/2003 147 125.5 -73.5 10
5/27/2003 147 120.5 -68.5 10 20
5/28/2003 148 110.5 -58.5 10 20
5/28/2003 148 96.5 -44.5 10
Table 7
The BBC6 slug test application dates and magnitudes of the stresses is presented. Refer to 
this table when viewing the hydraulic responses of BBC5 to these stresses displayed within 
Appendix E
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Date Day









4/1/2002 91 114 -61.0 UD
4/5/2002 95 119 -66.0 none
4/11/2002 101 124 -71.0 BBC4-P5
4/17/2002 107 129 -76.0 BBC4-P6
4/24/2002 114 134 -81.0 BBC4-P5
5/8/2002 128 152 -99.0 BBC4-P5
5/9/2002 129 168 -115.0 none
5/10/2002 130 178 -125.0 none
Notes: fbTOC - feet below Top o Casing
MRA - multi-response anomaly (refer to discussion for details)
Ho - time of stress application, see Table 6 for BBC5 Ho stress magnitudes 
UD - A hydraulic response is observed, but the discrete connection between 
the stressed interval and the monitored isolated interval remains 
UnDetermined because a fracture connection could not be identified.
Table 8.
The hydraulic connections between BBC4 isolated monitored intervals and BBC5 
stressed isolated intervals is presented. Refer to this table when viewing Appendix
D. Multi-Response Anomalies (MRA) occurred within BBC4 isolated intervals in 
response to specific BBC5 stressed intervals. Narrowing the "true" hydraulic 
connection intervals where MRA's occurred was accomplished by cross- 
referencing these results with the apparent dip fracture projections (see Appendix 
F fracture connections between BBC4 and BBC5).
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The hydraulic connections between BBC5 isolated monitored intervals and BBC6 
stressed isolated intervals is presented. Refer to this table when viewing Appendix
E. Multi-Response Anomalies (MRA) occurred within BBC5 isolated intervals in 
response to specific BBC6 stressed intervals. Narrowing the "true" hydraulic 
connection intervals where MRA's occurred was accomplished by cross-referencing 
these results with the apparent dip fracture projections (see Appendix F fracture 
connections between BBC5 and BBC6).
Date Day









4/17/2003 107 197.4 -145.4 BBC5-I5
4/21/2003 111 174.5 -122.5 BBC5-I5
4/23/2003 113 152.5 -100.5 none
4/24/2003 114 147.5 -95.5 none
4/25/2003 115 130.5 -78.5 none
4/28/2003 118 115.0 -63.0 BBC5-I2
4/29/2003 119 107.5 -55.5 BBC5-I1
4/30/2003 120 107.5 -55.5 BBC5-I1
4/30/2003 120 101.5 -49.5 none
5/2/2003 122 94.5 -42.5 none
5/16/2003 136 197.4 -145.4 BBC5-I5
5/16/2003 136 193.0 -141.0 BBC5-I5
5/19/2003 139 188.5 -136.5 BBC5-I5
5/19/2003 139 184.0 -132.0 none
5/20/2003 140 179.5 -127.5 BBC5-I5
5/21/2003 141 175.0 -123.0 BBC5-I5
5/21/2003 141 170.5 -118.5 none
5/21/2003 141 166.0 -114.0 BBC5-I5
5/22/2003 142 161.5 -109.5 BBC5-I5
5/22/2003 142 157.0 -105.0 none
5/22/2003 142 142.5 -90.5 none
5/22/2003 142 137.5 -85.5 none
5/23/2003 143 132.5 -80.5 BBC5-I3
5/27/2003 147 125.5 -73.5 none
5/27/2003 147 120.5 -68.5 BBC5-I3
5/28/2003 148 110.5 -58.5 BBC5-I2
5/28/2003 148 96.5 -44.5 none
Notes: fbTOC - feet below Top o Casing
MRA - multi-response anomaly (refer to discussion for details)
Ho - time of stress application, see Table 7 for BBC6 Ho stress magnitudes
Table 9.
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Figure 1.
Bedrock B iorem ediation Center (BBC) Site 32 is located  on th e  form er Pease Air Force Base 
in Portsm outh, NH. Six bedrock w ells w ere installed by th e  BBC b etw e en  th e  years of 
1999 through 2002 (BBC series on  Figure 1). A sh ee t pile con ta inm en t b ox w as installed  
to  isolate th e  sou rce o f  contam inantion. Shallow extraction w ells 6 0 7 3 ,5 2 6 7 ,5 2 6 8 ,6 0 7 4 , 
5024 ,6 1 4 1 , and 6134  w ere drilled within th e  sh eet pile to  draw th e  contam inant closer 
to th e  origin o f  contm ination.
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Schematic Cross-Section of a Fractured Rock
Borehole 2Borehole 1
Weathered V // —
Bedrock \\\y\K 






The d elin eation  o f  fractures, show n as solid black lines, w ithin a h ost bedrock  
is difficult w h en  th e  only available data w ere co llected  through vertically  
placed  b oreholes. In this scenario, th e  sub-vertical fractures bypass th e  
b oreh o le  and remain u nd etected . The in terconn ectedn ess o f  this fractured  
rock system  will n ot b e  known with m uch certainty b ecau se th e  observations  
are lim ited to  fractures that are oriented in sub-horizontal p ositions in space.
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Slug Test Scenario
S tressed  well M onitored w ell
P re ssu re  is a d d e d  to  
o r  ta k e n  fro m  th is  
iso la te d  in te rv a l
T u b i n g
U p p e r  P ackers
L ow er P ackers
This is o la te d  in te rv a l 
is m o n i to r e d  fo r a n y  
h y d rau lic  d is tu rb a n c e s  
a s s o c ia te d  w ith  th e  
a d d i t io n  o r  rem o v a l 
o f  w a te r  w ith in  th e  
s tr e s s e d  w ell in te rva l.
p re s s u re  t r a n s d u c e r




S lu g  t e s t  a d m in istra tio n  to  an  iso la te d  in terval w ith in  a s tr e s se d  
w ell p r o v id e d  t h e  m ajority  o f  t h e  hydraulic c o n n e c t io n  in fo rm a tio n . 
T h e m o n ito r e d  w ell p ressu r e  tra n sd u ce r  reco rd s p o s s ib le  c h a n g e s  
in h yd rau lic  h e a d  in r e s p o n s e  to  th e  stress  a p p lie d  to  th e  s tr e s se d  
w ell. T h e tu b in g , sh o w n  as a th ick  d a sh e d  lin e ,is  u se d  to  a d d  or 
r e m o v e  w a te r  from  t h e  in terval.
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The BBC4 flexible liner underground technology (FLUTe) isolated interval 
configuration is presented. P1-P7 refers to the intervals that are open to 
the walls of the borehole yet isolated from other intervals. Shaded zones 
are closed isolated intervals. Pressure transducers are located in intervals 
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The BBC5 multi-packer sytem (MPS) contains isolated intervals 11-15. Each of these 
intervals contain a pressure transducer to record any changes in hydraulic head in time.
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borehole
The th icker lines rep re sen t 
a c lu ste r o f  frac tu res th a t  are 
in hydrau lic  com m u n ica tio n  
w ith  o n e  an o th er.
T he d a sh e d  line rep re sen ts  
a sin g le  frac tu re  th a t  is 
in hydrau lic  com m u n ica tio n  
w ith  th e  frac tu re  cluster 
th ro u g h  th e  bo reho le .
T he th in  b lack  lines rep re sen t 
frac tu res n o t  hydraulically 
asso c ia ted  w ith  th is frac tu re 
cluster.
H ydraulic co m m u n ica tio n  w ith in  a frac tu red  b ed ro ck  is possib le  th ro u g h  in te rco n n ec tio n . 
T he d ark er th icker lines re p re se n t frac tu res th a t  are  c o n n e c te d  w ith in  th e  h o s t bedrock .
In a d d itio n  to  frac tu re  in te rco n n ec ted n ess , th e  p re se n c e  o f  a b o re h o le  can  c rea te  a n o th e r  
hydraulic co m m u n ica tio n  p a th w ay  for an y  frac tu re  th a t  crosses th e  bo reho le .
Figure 6.
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Dissolved phase
DNAPLSOURCE





Top of Capillary Fringe__
Water Table 'adose Zone




F ree P h ase  Pool
Dissolved P hase






Modified from Fetter 2001
Figure 7.
Dense Non Aqueous Phase Liquids (DNAPLs) migrate through the subsurface and 
enter the fractures. Upon the introduction of the product to the ground surface, the 
DNAPL will travel downward passing through the vadose zone, which contains both 
air and water, and phreatic zone, the zone of complete saturation. Dissolved DNAPLs 
will migrate with the flowing groundwater. The free phase DNAPL will pool on the 
nearest low hydraulic conductivity (K) layer, in this case the low K layer is the top of the 
bedrock unit. The free phase will enter the fractures when the height of the pool 
overwhelms the capillary forces acting within each fracture. The DNAPL has the ability 
to replace the water within the fractures due to the difference in the density and 
viscosity between the two liquids.
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Pease International Tradeport, Site 32.
Extent of VOC contaminant plume in 1992,1998 and 2002.
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Approx. Location of former 
underground storage tank
■ ■ Extent of VOC plume, 2002
■ Extent of VOC plume, 1998
“ * Extent o f VOC plume, 1992
"T i-n 1 “ i---------------------1—  ------ 1----------- r r
121^700 1212900 1213100 1213300 1213500 1213700 1213900 1214100 1214300 1214500 1214700
Black arrows indicate th e average 
contaminant plume migration 
direction
Easting (feet) Coordinate system: NH State Plane (NAD 83 Datum)
Green dashed arrow indicates the 
_  _  plume recession direction heading
back towards the source of 
contamination
Figure 8.
Site 32 overburden volatile organic compound (VOC) contaminant plume delineation 
from 1992,1998, and 2002 sampling events. Sheet piling was installed vertically into the  
ground forming a box around the source o f contamination. Shallow pumping wells were 
installed in 1997 and pumped at a rate o f 5.2 gallons per minute. The effluent was 
treated on-site. According to the 2002 plume delineation, it appears that the pumping 
was successful in pulling the contaminant plume closer to the origin.
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Identified as a bedding  
plane




Red features are 
classified as mineral 
veins. Typically these  
deposits are identified 
as a quartz or calcite vein 
based on hardness and 
its reaction to  hydrochloric 
acid.
Figure 9.
Light blue segm ents are 
identified as a natural fracture 
based on mineral deposition  
and sm ooth surface between  
pieces.
Pale purple segm ent identified 
as an induced fracture 
reasons: end pieces had rough 
surfaces also lacking in mineral 
deposits.
Light green segm ents are 
identified as natural jointing 
based on mineral deposition  
and sm ooth surface between  
pieces.
Numbers refer to  the  
angle o f th e physical 
feature which is 
referenced to the 
vertical plane.
A segm ent of the lithologic description of BBC6 (depth range of 62.04 to 64.04 
feet below sea level) reveals important physical characteristics about the subsurface. 
The subjective interpretation of the lithologic descriptions exposes where the fractures, 
microfractures, joints and mineral veins are located.
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N egative 
Elevation













Acoustic and optical televiewer geophysical logs taken within BBC5 from a depth 
range of 69 to 85 feet below sea level. These logs coupled together generate a 
relatively clear picture of the borehole wall. Physical features such as fractures, 
mineral veins, bedding planes (in some cases), and drill scores can be identified 
through viewing these two image logs.
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A w ater level disturbance in well, BBC5, caused by a slug test placed in a neighboring  
test well,BBC6. The first vertical dashed line, Ho, displays an increase in hydraulic head ’ 
response to the pressure added to the test well. Likewise, the  second vertical dashed 
line portrays a decrease in hydraulic head in the  test well. Refer to Figure 4  for an 
explanation o f slug test methodology.
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A. Aluminum tripod
B. Hand winch
C. Top pressure transducer
D. Isolation interval with central pressure transducer
E. Bottom pressure transducer
F. Top packer
G. Bottom Packer
H. N2 tank for slug tests and packer inflation
I. Waste water drum for pumping tests
Figure 12.
The pneumatic straddle packers system was used to isolate the discrete five foot 
intervals selected for hydraulic testing.
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horizontal range
h-
= represents clay lenses 
within a sedimentary 
host media
The range represents the maximum distance of 







Florizontal and vertical variograms are m athem atical too ls that quantify th e spatial 
continuity o f  a data set. The range d istance for th e horizontal variogram is much  
larger w hen  com pared to  th e  vertical variogram. This d ifference in range is due  
to  th e  fact that th e clay lenses are m ore horizontally continuous in sp ace w hen  
com pared with a vertical spatial perspective.
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Day-Lewis et al., 2000
Figure 14a
Two-Dimensional interpretation of a possible connection between two boreholes. 
According to the image, a single connection exists. The location of the connection 
between Borehole 1 cell #  2 and Borehole 2 cell # 4 is unknown. The path of the 
connection is to be determined by the geostatistical model. White cells represent a 
zero (no hydraulically connected fracture) whereas the black cells represent a one 




Day-Lewis et al., 2000
The connectivity matrix for Figure 14a reveals a possible connection between 
Borehole 1 cell #  2 and Borehole 2 cell #  4.
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Day-Lewis et al., 2000
Figure 15.
Perturbations refers to the switching of the cell from a value of one or zero, 
black or white. If a favorable perturbation occurs, ie d ecreases the objective 
function (OF) (the average squared difference between the experimental and 
model variogram), then the perturbation is generally accepted.
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D u r e h o i c  c e i l  # 1
B o t e l i f l l e  c e lt # 3
B o r e h o l e  c e l l  # 4
P e r t u r b e d  c e l t
Day-Lewis et al., 2000
Figure 16a.
The perturbation of the “perturbed cell” connects Borehole 1 cell #  2 with 
Borehole 2 cell #  4. If the perturbation decreased the objective function then 
this perturbed cell will most likely remain black for the remainder of the simulation.
1 0 , 0  o
Cl • I  u  1
U 0 . 1 , 0
<n i ; o i
Figure 16b.
Day-Lewis et al., 2000
Connectivity matrix for Figure 16a.
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e = Arctan(H/D)
N O T E: D -  B o re h o le  D iam e te r 
0  = D ip A ngie
9 = Dip Angle
D = Borehole Diameter 
Geophex Final Reports 1099/1186 and 1260
Figure 17.
The illustration and calculation used to determine fracture dip angles within 
boreholes is presented. Dip direction refers to the direction to which a fracture 
is dipping towards, either north, south, east, or west. Height (H) refers to the 
amount that a fracture is dipping, measured from the horizontal.
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dip direction f  A p p a ren t d ip
h ttp ://w w w .sc ien ce .m cm aster .ca /geo /facu lty /b oyce/3z03 /3z03_ lec3 .p d f
Figure 18.
The strike o f  a planar feature is th e  com p ass bearing o f th e  line form ed by th e  
in tersection  o f  th e  inclined subject feature and a horizontal p lane. The true 
dip (dip) o f  this planar tilted plane is th e largest acu te an gle m ad e by th e  p lane  
m easured  from th e  horizontal perpendicular to  th e  strike. The dip d irection is 
th e  direction th e  planar feature is d ipping towards. An apparent d ip  is th e  an gle  
that th e  planar feature m akes with th e  horizontal m easured at an an g le  o ther than  
perpendicular to  th e  strike.
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T ru e  d ip
A ngie  b e tw e e n  
p ro je c tio n  p lan e  
a n d  s trike
Marshak and Mitra,
Figure 19a. Nomogram
True and apparent dip calculations are performed through the use of an alignment diagram.
46" BBC6
2 2 5 .
Figure 19b. Beta calculation description
There are 25 feet separating BBC5 and BBC6. Following a transect betweeen the two wells, 
BBC5 is located at 225 degrees and BBC6 is located at 45 degrees.
Any open or conductive fractures originating at BBC6 with dip directions between 135 and 315 
degrees are dipping towards BBC5. Likewise, any fractures with dip direction values from 
315 - 0 -13 5  degrees are dipping away from BBC5. The strike of the fracture is the dip 
direction minus 90.
The beta value of a fracture is the angle between the projection plane and strike.This value 
will always be between 0 and 90 degrees.
Example:
An open fracture originating at BBC6 has a true dip value of 40 degrees, a strike of 60 degrees 
and a dip direction of 150 degrees. Its beta value is therefore 15 (60-45 degrees).
To acquire the apparent dip value we employ a nomogram.With our two known values, beta and 
true dip, we can obtain our one unknown, the apparent dip. After viewing the nomogram we 
calculate an apparent dip of 12 degrees. This fracture is dipping from BBC6 towards BBC5 
at a declination of 12 degrees.
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Apparent Dip Fracture Projections 




4 6 -  
51 - 
5 6 -  
61 - 





5 feet ■  Open fractures projected from BBC6 to BBC5
■  Conductive fractures projected from BBC5 to BBC6
Error margin for Apparent Dip values:
±  5 d egrees = ± 2 .5  feet
Figure 20.
Three connections exist according to the discrete methodology.
The dashed line represents the estimated fracture destination 
projected to the neighbor well. Connection 2 occurs between two 
fractures that follow a similar projection and are in close proximity 
to  one another. Connections lan d  3 are represented by truncation 
at their intersection between the wells since the projected destination 
of each fracture, the dashed lines, fall within the error margin
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e e t below Negative 
TOC Elevation
I ] Open from 6  to  5  = open frac tu res projected from BBC6 to  BBC5
H  Conductive from  6 to  5= conductive frac tu res projected from BBC6 to  BBC5 
H I Conductive from  5 to  6 = conductive fractures projected from BBC5 to  BBC6 
f | Open from 5 to  6 = open fractures projected from BBC5 to  BBC6
Figure 21.
Step  tw o  in th e  fracture projections ap plies th e  apparent dip values to  th e  op en  
and con d u ctive  fractures, g iven  in d egrees , and th e  fractures are projected  to  th e  
n eigh b or w ell. In this scenario, BBC5 and BBC6 are n eigh bor wells.
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No connection betw een these  
two fractures exists based on the  
connection criteria.
A connection betw een  these  
25°Z l two fractures exists based on 
the connection criteria.
H i Open from 6 to  5 = open fractures projected from BBC6 to  BBC5 
H  Conductive from 6 to  5 = conductive fractures projected from BBC6 to  BBC5 
■  Conductive from 5 to  6 = conductive fractures projected from BBC5 to  BBC6 
HU Open from 5 to  6 = open fractures projected from BBC5 to  BBC6
Figure 22.
Step three in the fracture projections incorporates the five degree error margin to the 
projected fracture destinations. Fracture connections are considered between wells if 
two fractures coalesce within the error margin.
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Open from  6 to  5 = open frac tu res projected from BBC6 to  BBC 5
Conductive from  5 to  6 = conductive fractures projected
from BBC5 to  BBC6
Figure 23.
Step  four in th e  fracture projections includes th e  rem oval o f  all fractures 
that are n ot part o f  a con n ection .
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BBC3 BBC4 BBC5 BBC6
Key:
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surface)
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in terbedded with 
m etashale
Figure 24.
Lithologic summaries o f each BBC well involed in the fracture connection analysis, excluding 
BBC7.
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Figure 26a presents th e  omni-directional radar record for B8C7. The feature outlined in red 
was interpreted as a fracture intersecting the  borehole at a dep th  of 45 m eters below the 
top  of casing. Figure 26b is a characterization of how th e  omni-directional radar displays 
th e  fractures intersecting the  borehole wall, and th e  interpretation of th e  intersection. This 
im age is provided to  supplem ent the  fracture picks as delineated by Dr. Frank Birch within 
Table 5.
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SASIM realization incorporating artificial connection data. The three articifical 
connections are oriented in the same direction in order to allow SASIM to 
complete a simulation. The model variogram was utilized in this simulation, 
which explains why the host rock, space inbetween Borehole (BH) 1 and 
Borehole 2, appear as a "natural fracture environment"and not as a 
hom ogeneous isotropic environment, as is depicted in Figure 29.
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6 6 . .
5/27/03
„  5/23/03
5/23/03 = Dates of hydraulic 
testing
Figure 28.
The non-oblique hydraulic connection orientations between BBC5 
and BBC6 made it difficult for SASIM to function properly. The blue shading 
represents hydraulic responses between the two wells. The black lines represent 
fractures placed between the two wells.
94





BH 1 BH 2
pJS











1 .0 0  & Fracture
. 8 0 0 0
. 6 0 0 0
. 4 0  0 0
2 0  0 0
_0 = No Fracture
= Specified hydraulic 
connection depth
SASIM simulations incorporating non-oblique fracture connections were 
successful when the model variogram was omitted from the input files. 
Unfortunately, the resultant images appear hom ogeneous and isotropic, 
unlike most fractured bedrock.
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.0 = No Fracture
= Specified hydraulic 
connection depth
Distance 
in between  
wells in feet
Figure 30.
Another way in which to allow SASIM to run through fruition with non-oblique 
fracture patterns is to assign equal values to the correlation lengths. The 
consequence of specifying the correlation lengths equal values results in 
the host rock appearing hom ogeneous. The connection "blobs"do not resemble 
fractures within a bedrock. Equal correlation lengths would indicate the system is 
spatially equal in all 3-D directions.
96







The fracture connection interpretation between BBC3,BBC7,BBC5,and BBC4. 
Individual black lines represent single fracture connections. Shaded gray 
segments symbolize the diabase dike location w ithin each well.
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The fracture connection interpretation between BBC3,BBC7, BBC6,and BBC4. 
Individual black lines represent single fracture connections. Shaded gray 
segments symbolize the diabase dike location w ithin each well.
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The fracture connections w ithin the well cluster o f BBC4, BBC5, and BBC6 display 
abundant potential for fracture communication especially in the shallower 
regions o f the bedrock. The thicker black lines refer to those connections 
between BBC5 and BBC6, and the thinner black lines represent the connections 
inferred between BBC5 and BBC4 as well as those inferred between BBC6 and BBC4.
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NR 4/05/02
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K= 9.0
- 56 =  55
K= 14.0
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X  - Omni-directional radar 
fracture picks 
■■— The dashed lines represent NR 5/09/02  
fractures that were observed  
within th e boreholes yet t
are not considered part 
of a connection. m  5/10/02
K values are in 
feet per day
MRA - Multi-Response 
Anomaly
NR - No Response „Figure 33.
SR - Single Response
The hydraulic connections between BBC4 and BBC5 was deciphered through slug test 
methodology. The blue shading symbolizes the inferred hydraulic connections while the 
black lines crossing between the two wells represent the inferred fracture connections. 
The reader may refer to Appendix D to view the individual hydraulic head graphs for the 
synthesized slug test responses between BBC4 and BBC5.
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■ The dashed lines represent 
fractures th a t w ere observed 
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presence of the sub-vertical 
fracture is completely 
inferred.
K values are in 
feet per day
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X - omni-directional radar picks
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The hydraulic connections between BBC5 and BBC6 were analyzed through slug test 
methodology. The blue shading symbolizes the inferred hydraulic connections while the 
black lines crossing between the two wells represent the inferred fracture connections. 
The reader may refer to Appendix E to view the individual hydraulic head graphs for the 
synthesized slug test responses between BBC5 and BBC6. Some hydraulic tests were 
omitted from this image to prevent visual cluttering.
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Central Pressure Transducer 







Open from 6  to  5 
Conductive from 6  to  5 
Conductive from 5 to  6  
Open from 5 to  6
A multiple response anomaly was observed on day 4/29/03, see Appendix E.
A depth range of 51.8' to 56.8' was stressed within BBC6. The presence of the 
subvertical fracture, the central thick blue line, results in responses throughout 
the fractures between the two wells. The presence of open portions of each 
borehole also allows for hydraulic pressure to be dissipated throughout the 
system. One consequence of this interconnection is the BBC5 MPS isolated 
intervals each record hydraulic responses. Therefore an authentic single 
hydraulic connection is unknown in this scenario.
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BBC3 TOC = .4 feet ags
elevation TOC frac/nofrac dike elevation TOC frac/nofrac
-5 59 1 -68 122 no survey
-6 60 0 -69 123 no survey
-7 61 1 dike -70 124 no survey
-8 62 0 dike -71 125 no survey
-9 63 0 dike -72 126 no survey
-10 64 0 dike -73 127 no survey
-11 65 0 dike -74 128 no survey
-12 66 0 dike -75 129 no survey
-13 67 0 dike -76 130 no survey
-14 68 0 dike -77 131 no survey
-15 69 0 dike -78 132 no survey
-16 70 0 dike -79 133 no survey
-17 71 0 dike -80 134 no survey
-18 72 0 dike -81 135 no survey
-19 73 0 dike
-20 74 0 dike
-21 75 0 dike
-22 76 0 dike
-23 77 0 dike
-24 78 0 dike
-25 79 0 dike
-26 80 0 dike
-27 81 0 dike
-28 82 0 dike
-29 83 0 dike






























-60 114 no survey
-61 115 no survey
-62 116 no survey
-63 117 no survey
-64 118 no survey
-65 119 no survey
-66 120 no survey
-67 121 no survey
At! negative elevations are referenced to National Geodetic Datum 
TOC - Top of Casing 
ags - above ground surface
frac/nofrac - 1 indicates an open or conductive fracture is present at that depth 
0 indicates no fracture exists at that depth
EXPLANATION OF APPENDIX A TABLES:
The first column refers to the negative elevation, elevation in feet below sea level, of a given depth.
The second column refers to the depth within a borehole measured from the Top of Casing.
The third column indicates if a fracture is present at a given depth, a  one indicates a fracture is present, 
A zero indicates no fracture is present.
The fourth column, if present, specifys if the diabase dike is located at a given depth.
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BBC4 TOC = .9 feet ags
elevation TOC frac/nofrac dike elevation TOC frac/nofrac dike
-24 76 1 -87 139 1 dike
-25 77 0 -88 140 0 dike
-26 78 0 -89 141 0 dike
-27 79 0 -90 142 1 dike
-28 80 0 -91 143 0 dike
-29 81 0 -92 144 0 dike
-30 82 0 -93 145 1 dike
-31 83 1 -94 146 1 dike
-32 84 0 -95 147 0 dike
-33 85 0 -96 148 1 dike
-34 86 0 -97 149 1 dike
-35 87 0 -98 150 0 dike
-36 88 1 -99 151 1 dike
-37 89 0 -100 152 0 dike
-38 90 1 -101 153 0 dike
-39 91 1 -102 154 0 dike
-40 92 0 -103 155 0 dike
-41 93 1 -104 156 0 dike
-42 94 0 -105 157 0 dike
-43 95 1 -106 158 0 dike
-44 96 1 -107 159 0
-45 97 0 -108 160 0
-46 98 0 -109 161 0
-47 99 0 -110 162 1
-48 100 0 -111 163 1
-49 101 0 -112 164 1
-50 102 1 -113 165 0
-51 103 0 -114 166 1
-52 104 1 -115 167 0
-53 105 1 -116 168 0
-54 106 1 -117 . 169 0
-55 107 1 -118 170 0
-56 108 0 -119 171 0
-57 109 0 -120 172 0
-58 110 0 -121 173 1
-59 111 0 -122 174 0
-60 112 0 -123 175 0
-61 113 0 -124 176 0
-62 114 0 -125 177 0
-63 115 1 -126 178 0
-64 116 1 -127 179 0
-65 117 1 -128 180 0


















-84 136 1 dike
-85 137 0 dike
-86 138 0 dike
All negative elevations are referenced to National Geodetic Datum 
TO C-Top of Casing 
ags - above ground surface 
frac/nofrac - 1 indicates an open or conductive fracture is present at that depth 
0 indicates no fracture exists at that depth
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BBC5 TO C = 1.4 fe e t a g s
elevation TOC frac/nofrac elevation TOC frac/nofrac dike
-42 95 0 -112 165 0
-43 96 0 -113 166 1 dike
-44 97 0 -114 167 0 dike
-45 98 1 -115 168 0 dike
-46 99 0 -116 169 0 dike
-47 100 0 -117 170 0 dike
-48 101 1 -118 171 0 dike
-49 102 0 -119 172 0 dike
-50 103 1 -120 173 0 dike
-51 104 0 -121 174 0 dike
-52 105 0 -122 175 0 dike
-53 106 1 -123 176 0 dike
-54 107 1 -124 177 0 dike
-55 108 1 -125 178 0
-56 109 0 -126 179 0
-57 110 0 -127 180 0
-58 111 1 -128 181 0
-59 112 1 -129 182 0
-60 113 1 -130 183 0
-61 114 0 -131 184 1
-62 115 0 -132 185 0
-63 116 0 -133 186 0
-64 117 1 -134 187 0
-65 118 1 -135 188 1
-66 119 0 -136 189 0
-67 120 0 -137 190 0
-68 121 0 -138 191 0
-69 122 0 -139 192 0
-70 123 1 -140 193 1
-71 124 1 -141 194 0
-72 125 0 -142 195 0







































All negative elevations are referenced to National Geodetic Datum 
TOC - Top of Casing 
ags - above ground surface
frac/nofrac - 1 indicates an open or conductive fracture is present at that depth 
0 indicates no fracture exists at that depth
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BBC6 t o c  = 9 fe e t a g s
elevation TOC frac/nofrac dike elevation TOC frac/nofrac dike
-40 92 -104 156 1 dike
-41 93 0 -105 157 1 dike
-42 94 -106 158 0 dike
-43 95 0 -107 159 0 dike
-44 96 0 -108 160 0 dike
-45 97 -109 161 0 dike
-46 98 -110 162 1 dike
-47 99 -111 163 0 dike
-48 100 -112 164 0 dike
-49 101 0 -113 165 0 dike
-50 102 0 -114 166 0 dike
-51 103 -115 167 1 dike
-52 104 0 -116 168 0 dike
-53 105 -117 169 0 dike
-54 106 1 -118 170 0 dike
-55 107 0 -119 171 0 dike
-56 108 0 -120 172 0 dike
-57 109 1 -121 173 1 dike
-58 110 0 -122 174 0 dike
-59 111 1 -123 175 0 dike
-60 112 0 -124 176 0
-61 113 0 -125 177 0
-62 114 0 -126 178 0
-63 115 0 -127 179 1
-64 116 1 -128 180 0
-65 117 1 -129 181 0
-66 118 0 -130 182 0
-67 119 0 -131 183 0
-68 120 1 -132 184 0
-69 121 1 -133 185 0
-70 122 1 -134 186 0
-71 123 0 -135 187 0
-72 124 1 -136 188 0
-73 125 0 -137 189 1
-74 126 0 -138 190 0
-75 127 0 -139 191 1
-76 128 1 -140 192 0
-77 129 0 -141 193 0
-78 130 0 -142 194 0
-79 131 0 -143 195 0
-80 132 0 -144 196 1
-81 133 0 -145 197 0
-82 134 1 -146 198 0
-83 135 0 -147 199 0
-84 136 0 -148 200 0
-85 137 0 -149 201 0
-86 138 0 -150 202 0
-87 139 0 -151 203 1















-103 155 0 dike
-104 156 1 dike
Alf negative elevations are referenced to National Geodetic Datum 
TOC - Top of Casing 
ags - above ground surface 
frac/nofrac - 1 indicates an open or conductive fracture is present at that depth 
0 indicates no fracture exists at that depth
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BBC7 TO C = 1.25  fe e t a g s
elevation TOC frac/nofrac dike elevation TOC frac/nofrac
-19 70 0 -83 134 0
-20 71 -84 135 0
-21 72 0 -85 136 0
-22 73 dike -86 137 1
-23 74 dike -87 138 0
-24 75 0 dike -88 139 0
-25 76 1 dike -89 140 1
-26 77 0 dike -90 141 1
-27 78 0 dike -91 142 1
-28 79 0 dike -92 143 1
-29 80 dike -93 144 0
-30 81 0 dike -94 145 0
-31 82 0 dike -95 146 0
-32 83 0 dike -96 147 0
-33 84 0 dike -97 148 0
-34 85 0 dike -98 149 1
-35 86 0 dike -99 150 0
-36 87 0 dike -100 151 0
-37 88 0 dike -101 152 0
-38 89 0 dike -102 153 1
-39 90 0 dike -103 154 1
-40 91 0 dike -104 155 1
-41 92 0 dike -105 156 0
-42 93 0 dike -106 157 0
-43 94 0 dike -107 158 1
-44 95 0 dike -108 159 0
-45 96 0 dike -109 160 0
-46 97 1 dike -110 161 0
-47 98 1 -111 162 0
-48 99 1 -112 163 1
-49 100 1 -113 164 0
-50 101 1 -114 165 0
-51 102 0 -115 166 0
-52 103 1 -116 167 0
-53 104 1 -117 168 0
-54 105 1 -118 169 0
-55 106 1 -119 170 0
-56 107 0 -120 171 0
-57 108 1 -121 172 0
-58 109 1 -122 173 1
-59 110 1 -123 174 0
-60 111 1 -124 175 1
-61 112 0 -125 176 0
-62 113 1 -126 177 1
-63 114 0 -127 178 0
-64 115 1 -128 179 1
-65 116 1 -129 180 0
-66 117 1 -130 181 0
-67 118 1 -131 182 0
-68 119 1 -132 183 0
-69 120 0 -133 184 0
-70 121 0 -134 185 0
-71 122 0 -135 186 0
-72 123 1 -136 187 1
-73 124 1 -137 188 1
-74 125 0 -138 189 0
-75 126 0 -139 190 1
-76 127 1 -140 191 1
-77 128 1 -141 192 1
-78 129 0 -142 193 1
-79 130 0 -143 194 0
-80 131 1 -144 195 1
-81 132 1 -145 196 0







All negative elevations are referenced to National Geodetic Datum 
TOC - Top of Casing 
ags - above ground surface
frac/nofrac - 1 indicates an open or conductive fracture is present at that depth 
0 indicates no fracture exists at that depth
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Stressed  well: BBC5 
C enter Depth: -115.0' 






40 529.45 12050 52955 12" 60 12955 125.20
BBC4
N e g a t iv e
E le v a tio n
This image is provided to help interpret the following hydraulic head graphs 
included in Appendix D. The heading found atop each row of graphs 
provides the information on the stressed well isolated interval center 
depth (stressed intervals were five feet in length). On certain days 
more than one interval was tested. Each graph represents hydraulic 
responses within the isolated intervals of the response well, in this case 
BBC4. The top graph represents the response, or lack of response, of the 
first isolated interval within BBC4 to the hydraulic stress applied to BBC5. 
The second graph from the top represents the second isolated interval and 
the subsequent response, or lack of response. Please refer to Figure 11 
for more information on interpreting hydraulic responses.
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Stressed well: BBC5 Stressed well: BBC5
Center Depth: -115.0' Center Depth: -125.0'
Response well: BBC4 Response well: BBC4
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Stressed well: BBC5 
Center Depth: -61.0' 
Response well: BBC4 
Date: 04/01/02
Stressed well: BBC5 
Center Depth: -66.0' 
Response well: BBC4 
Date: 04/05/02
Stressed well: BBC5 
Center Depth: -71.0' 
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Stressed well: BBC5 
Center Depth: -76.0' 
Response well: BBC4 
Date: 04/17/02
Stressed well: BBC5 
Center Depth: -81.0' 
Response well: BBC4 
Date: 04/24/02
Stressed well: BBC5 
Center Depth: -99.0' 
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Stressed well: BBC6 
Center Depth: -72.0 (first two) 
-67.0 (last four) 











This image is provided to help interpret the following hydraulic head 
graphs within Appendix E. The heading found atop each row of graphs 
provides the information on the stressed well isolated interval center 
depth (stressed intervals were five feet in length). On certain days more 
than one interval was tested, as is the case for this particular day. Each 
graph represents hydraulic responses within the isolated intervals of the 
response well, BBC5. The top graph represents the response 
of the first isolated interval to the hydraulic stress applied to BBC6. The 
second graph from the top represents the second isolated interval and 
the subsequent response, or lack of response. Please refer to Figure 11 
for more information on interpreting hydraulic responses.
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Stressed well: BBC6 
Center Depth: -145.4' 
Response well: BBC5 
Date: 4/17/03
Stressed well: BBC6 
Center Depth:-122.5' 
Response well: BBC5 
Date: 4/21/03
Stressed well: BBC6 
Center Depth:-100.5’ 
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Stressed well: BBC6 
Center Depth: -95.5' 







Stressed well: BBC6 
Center Depth: -78.5' 
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Stressed well: BBC6 
Center Depth: -55.5' 






119.4 119.45 119.5 119.65 119.7
BBCS-4
Stressed well: BBC6 
Center Depth: -55.5' (first four Ho) 
-49.5' (last two Ho) 



















Stressed well: BBC6 
Center Depth: -42.5' 
Response well: BBC5 
Date: 5/02/03
122.51 122.55
122.45 122.47 122.49 122.51
118.6 1-----







122-45 122.47 122.49 * 22.51 122 53 122.55
172.47 i 7.4? 177.51
120
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Stressed well: BBC6 
Center Depth: -145.4 (first four Ho) 
-141.0 (last four Ho) 







S tressed  well: BBC6 
Center Depth: -136.5 (first tw o Ho) 
-132.0 (last two Ho) 
Response well: BBC5 








139.S 139 55 139.6
Stressed well: BBC6 
Center Depth: -127.5  
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Stressed well: BBC6 
Center Depth: -123.0 (first four)
-118.5 (middle two) -112.0 (last four) 
R esponse well: BBC5 
Date: 05/23/03
Stressed well: BBC6 
Center Depth:
-109.5 (first four) -105.0 (next two) 
-90.5 (next two) -85.8 (last two) 



















141.3 141.4 141.5 141.6 141.7
f r t t t
142.4 142.5 142.6 142 7
Stressed well: BBC6 
Center Depth: -80.5 
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Stressed well: BBC6 
Center Depth: -73.5 (first two) 
-67.5 (last four) 
R esponse Well: BBC5 
Date: 05/27/03
B B C S -1
89.65 
89.55 
894 5  
89.35 
892 5  
89.15
147.4 147.45 147.5 147.55 147.6 147.65 147.7
1 0 9 .3
1 4 7 .4  1 4 7 .5  1 4 7 .6  1 4 7 .7
8 B C 5 - 2





- y :T y r
Stressed well: BBC6 
Center Depth: -58.5 (first four) 
-44.5 (last two) 
Response Well: BBC5 
Date: 05/28/03
88 A
B B C 6 -1
“ 1
■ i r t
----------------- S
.  : ; ;
1












8.4 148.5 148.5 148.7
BBC5-3
B B C 6 - 4
1 3 9 .1
1 3 9
1 3 8 . i
1 3 8 .7
1 3 8 .6
147.7147.5 147.61 4 7 .4
BBC5-5
,
1 t • « 
l i l t
—-----
j s ........p V ................
t
n J  1
. • ......
1
1 .. ; ......i  ' ....... .................
147.4 147.45 147.5 147 55 147.6 147.65 147.7
B B C 5 - 4
1 3 9 .1
1 3 9
1 3 8 .7
1 3 8 .)
1 4 8 .71 4 8 .51 4 8 .4
1 6 0 .4
1 6 0 .1
1 4 8 .5
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APPENDIX F
124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Apparent Dip Projections










H  Open from 3 to?
H i Conductive from 3 to ? 
H  Conductive from? to  3 








130Apparent Dips +_ 5 degrees 
















Between BBC6 and BBC4
N e g a t iv e




BBC4 N e g a tiv eE le v a tio n
1 0 6  - -
Drilled to -129.1
5 feet
Dri ed to -152.0
1 0 6  106-
Open from 4 to  6 
Conductive from 4 to  6 
Conductive from 6 to  4  
O pen from 6 to  4
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Apparent Dip Projections





















Open from 4 to 5 
Conductive from 4 to 5 
Conductive from 5 to 4 
Open from 5 to 4
136 - Scale, 
5 feet111
Apparent Dips +_ 5 degrees = 
+_ 2.5 feet
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Apparent Dip Projections





























Open from 6 to 5
■  Conductive from 6 to 5 
H  Conductive from 5 to 6 
— | Open from 5 to 6
128
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Apparent Dip Projections
Between BBC6 and BBC! BBC!
Negative
BBC6
Drilled to -152.0 Drilled to-153.26
Seale 
5 feet
Open from 6 to? 
Conductive from 6 to  7 
Conductive from 1 to  6 
Open from J to 6
129

















Drilled to  -145.3
Drilled to  -153.26
5 feet
B  Open from 5 to 1 
B Conductive from 5 to 1 
B Conductive from I to 5 
EH Open from 7 to 5
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